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SUMMARY OF THESIS 
 
Ferroelectric materials have been widely studied for applications in tunable devices 
and pyroelectric infra-red detectors. Among many different types of ferroelectric 
materials, Ba(ZrxTi1–x)O3 (BZT) has been shown to possess stable and high insulating 
characteristics against electric field, and very good tunable properties. Therefore, it has 
attracted great attention recently. However, there is lack of information on the tunable and 
induced pyroelectric properties for the BZT thin films which are deposited on Si-based 
substrates with different orientations. 
In the present research, effects of deposition parameters such as deposition 
temperature, annealing duration, oxygen pressure and film thickness on the 
microstructures, tunable and induced pyroelectric properties of the Ba(Zr0.25Ti0.75)O3 (BZT 
25/75) thin films were investigated.  
The relative intensity between the two orientations of (011) and (00l) of XRD 
diffraction peaks, the crystallinity and/or surface texture, and the out-of-plane lattice 
parameter were observed to vary with the deposition temperature, annealing duration, 
oxygen pressure and thickness of film. These variations have shown to be the reasons 
behind the variations on the dielectric, tunable and induced pyroelectric properties of the 
BZT 25/75 thin films. 
The increase in dielectric constant εr(0) is associated with the improvement in 
crystallinity, the increase in (011) orientation, and the increase in out-of-plane lattice 
parameter towards bulk. This can be obtained at high deposition temperature, long 




dielectric loss tanδ(0) has been attributed to the reduction in defects, thus electrical 
carriers which can be obtained from the improved crystallinity at a high deposition 
temperature, long annealing duration, low deficient oxygen environment, or intermediate 
film thickness. 
A high tunability on one hand, results from the high dielectric constant εr(0). On the 
other hand, it comes from the low lattice strain associated with the nonpolar state of the 
film as compared to its bulk. This can be obtained at high deposition temperature, long 
annealing duration, intermediate oxygen pressure and high film thickness. 
Finally, for the first time, this research has experimentally shown that the increase in 
induced pyroelectric coefficient results from the combined effects of the increase in the 
dielectric constant in the phase transition region and the reduction in the lattice strain 
associated with the polar state of the BZT 25/75 thin film with respect to its bulk. These 
can also obtained at high deposition temperature, long annealing duration, intermediate 
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The detection of long wavelength infra-red (IR) radiation is of great interest in a wide 
range of applications, such as commercial, security, and especially in military. Some 
typical examples are the use in absorption spectra analysis of gases, detection of flames 
for fire alarms, intruder detection, and thermal imaging [1-10]. Figure 1.1 shows some 
important applications of infra-red detectors and thermal imaging [11].  
 
 
Fig. 1.1. Applications of infra-red detectors and thermal imaging [11] 






There are two wavebands of interest called the atmospheric “windows”, where 
absorption due to water vapor and scattering due to dust is minimal. They are respectively 
in the wavelength bands of 3-5 µm and 8-14 µm. The latter is more important since it 
contains the wavelength region of warm objects that have temperature around room 
temperature. There are two types of IR detectors, quantum or photon detector, and thermal 
detector. The first type is based on the photovoltaic and photoconductor effects, and used 
in semiconductor-based quantum devices [8]. In spite of the high sensitivity, it shows a 
wavelength-dependent characteristic. Moreover, the materials used are expensive, difficult 
to grow and fabricate, and require cooling during operation [1, 4]. The second type, on the 
contrary, is much cheaper even though it has lower sensitivity [1, 4, 8]. Among thermal 
detectors, pyroelectric sensor is the major and most important type due to its five main 
benefits suitable to many applications [1, 8]: 1) sensitive in a very large spectral 
bandwidth; 2) sensitive in a very wide temperature range without the need of cooling; 3) 
low power requirement; 4) fast response; and 5) generally use of low-cost materials. 
Modern communication systems are becoming more and more important to human life 
nowadays. They make the world become nearer in space and shorter in time. Recently, 
advances in wireless communication systems have been growing rapidly, from 
communicating devices in satellites to common devices close to everyday life, such as 
wireless phones (cell phones, table phones), wireless sensor networks (personal area 
networks, Bluetooth, ultra-wideband), wireless computer networks (WLAN, WiFi), etc. 
From the advances and high demands in wireless communication systems, tunable circuits 
and devices such as filters [12], matching networks [13], antennas [14], and phase shifters 
[15] have become the subjects of intense research efforts in recent years [12, 16, 17]. 






Currently, there are five main competing technologies for designing and fabricating of 
tunable devices in which the tunable circuits are operated based on mechanical tuning, 
magnetical tuning, microelectromechanical systems (MEMS) tuning, semiconductor 
tuning and ferroelectric tuning. Table 1.1 compares the technical performances of these 
technologies.  
Table 1.1. Competing technologies for tunable circuits [17, 18] 
Parameters Mechanical  Magnetic- Ferrites MEMS  
Semi- 
conductor  Ferroelectrics  
Tunability Moderate Very High High High High 
Q Factor 




Voltage  < 20 V 50 – 100 V < 20 V 2 – 20 V 
Tuning Speed Slow Moderate Slow Fast Very Fast 
Power 
Handling Good Good Moderate Moderate High 
Package Standard Standard Hermetic Hermetic Standard 
Cost Low Low High Moderate Æ High Low 
 
Mechanically tuned circuits have only moderate tunability but possess low loss (high 
Q factor), good power handling in conjunction with low cost and ease of fabrication. 
However, they encounter the disadvantages of slow tuning speed and large dimension, 
making them very cumbersome [18].  Magnetical tuning is observed in ferrite materials 
which usually possess very high tunability with high Q factor. They also have good power 
handling with moderate switching time (few to few tens of microseconds), which are 
better than mechanical tuning. However, ferrite based tunable circuits have large size and 
mass, and high power consumption. Their tunable devices are difficult to integrate with 
microstrip, stripline and finline circuits because of the tuning circuit geometry [18]. 
Tunable circuits using semiconductor diodes usually have high tunability (65–90 %) and 






very fast respond time (micro- to nano-seconds). They also possess small dimensions (in 
micrometer) and can thus easily be integrated into monolithic integrated circuits [18]. 
However, semiconductors have the drawbacks of low quality factor and low power 
handling capability. Interest in using microelectromechanical systems (MEMS) for 
tunable circuits has emerged recently, in which the tunability of a filter can be controlled 
by the changes in capacitance caused by the movement of a component of the filter [17, 
18].  
From the above views, the need for IR detectors, tunable devices and circuits has led 
to advances in new materials and new technologies for the production of novel devices 
with improved performance at low cost, light weight, small size, low operation voltage, 
and high durability. From the material aspect, ferroelectric materials have been known to 
have superior potentials for use in both IR detectors and tunable devices due to their high 
dependence of polarization and/or dielectric permittivity on temperature or high variation 
of dielectric permittivity with electric field. In addition, ferroelectric thin films have the 
advantages of low dielectric loss, easy fabrication, high power handling, and more 
importantly, the possibility of incorporating into microelectronic components.  
Among ferroelectrics, (Ba1–xSrx)TiO3 (BST) thin films, the A-site doped BaTiO3 
perovskite, are well known to be the important materials for both tunable and pyroelectric 
devices and have been widely studied in literature [19–25]. A pyroelectric coefficient as 
high as 1800 µCm–2K–1 has been obtained in BST 67/33 thin film prepared by pulsed laser 
deposition (PLD) method [19], and a tunability of 75 % could be achieved in BST 50/50 
thin films prepared by a sputtering method [21].  






In recent years, much attention has been focused on investigating the tunable 
properties of a B-site doped BaTiO3 perovskite, Ba(ZrxTi1–x)O3 (BZT). An excellent 
tunability of 93 % has been observed in BZT bulk [26] while a high tunability of 75 % has 
been achieved in a BZT 20/80 thin film prepared by the PLD method [27]. Due to the 
more stable state of B-site [28], BZT is expected to have improved insulation which 
should make it a competitive ferroelectric material as compared to BST applied in thin-
film capacitor devices. However, studies on the tunable properties of BZT thin films are 
still very limited, and noticeably there are no published reports on their pyroelectric 
properties so far. These facts have made the motivations for this research to investigate 
both the tunable and pyroelectric properties of BZT thin films. 
1.2 The Scope of Thesis 
The aim of present research is to study the variations of microstructures and their 
correlations to the tunable and induced pyroelectric properties of laser-ablated 
Ba(Zr0.25Ti0.75)O3 (BZT 25/75) thin films deposited on Si-based substrates under different 
film growth conditions.  
Effects of deposition temperature, post-annealing duration, oxygen pressure, and film 
thickness will be investigated in this research. 
1.3 Organization of Thesis 
 Chapter 1 gives an introduction to the importance and high demand of pyroelectric 
detectors and tunable devices, the research motivations and the scope of thesis. Chapter 2 
reviews the principles of the pyroelectric and tunable thin-film capacitor devices and the 
requirements of their physical properties. Thermodynamic description of ferroelectric 






phenomena and principles of thin film deposition and characterization methods will be 
introduced. Moreover, reviews on the size effect in ferroelectric thin films, and 
pyroelectric and tunable properties of (Ba1–xSrx)TiO3 and Ba(ZrxTi1–x)O3 thin films will be 
emphasized. In Chapter 3, the experimental procedures used in this research will be 
described. Studies on the microstructures, tunable and induced pyroelectric properties of 
the BZT 25/75 thin films will be described in Chapter 4 for the effects of deposition 
temperature and annealing duration, in Chapter 5 for the effects of oxygen pressure, and in 
Chapter 6 for the effects of film thickness. Finally, Chapter 7 will be the conclusions and 
recommendations for future works. 
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CHAPTER 2:  LITERATURE REVIEW 
 
 
2.1 Thin-film Capacitor Devices and Materials  
It is well known that technologies involving thin-film capacitors are developed along 
two main aspects, materials and microfabrication. Studies on materials aim to improve the 
physical properties or discover new thin-film materials and/or structures with better 
performance, durability and low cost. Studies on microfabrication and/or integration have 
helped to develop thin-film structures of very small size (in microns) with very high 
density of micro-devices which are reliable and stable with environment and time, and 
limiting the effects of noise sources to the maximum. Among potential materials for thin-
film capacitor devices such as single crystals, polymers, ceramics, and composites, 
dielectric ceramics of ferroelectrics have been shown to be the highly promising materials 
for capacitor applications such as sensors and actuators, dynamic random access memory 
(DRAM), radio frequency and microwave tunable devices, and microelectromechanical 
systems (MEMS). 
2.1.1 Pyroelectric Infrared Detectors  
Principle & Performance 
A typical configuration of thin-film pyroelectric detector is schematically shown in 
Fig. 2.1. It consists of a pyroelectric thin film or pyroelectric element sandwiched between 
two electrode layers. The top electrode is covered with an absorbing layer to transfer the 





IR radiation into heat. The bottom electrode is connected to a heat sink or housing. Under 





θ= , (2.1) 
where Ip is the pyroelectric current; t time; A detector area; θ temperature; and p 
pyroelectric coefficient of the detector element. 
  
 
Fig. 2.1. Schematic illustration of cross-section of a monolithic micromachined pyroelectric thin-
film detector array [1]. 
 
 
Analysis of the pyroelectric detectors requires consideration on both the thermal and 
electrical elements. When a sinusoidal radiation of frequency ω and power tieWtW ω0)( =  
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incidents on the pyroelectric element (area A and thickness d), it increases the internal 




∂+ , (2.2)  
where η is the emissivity of the absorbing layer, θ the temperature difference between the 
temperature of detector element T and that of the housing T0, H = c’Ad thermal capacity of 
the element, where c’ is the volume specific heat of the material, and G the total thermal 
conductance to the surroundings. The voltage responsivity of a pyroelectric detector is 








ηωω ++= , (2.3) 
where Tτ  and τE are the thermal and electrical time constants of the detector, and R the 
total resistance of detector circuit. Equation (2.3) shows that pyroelectric detectors have 
no dc response and require employment of a chopper to modulate IR radiation. The 
performance of a pyroelectric detector is usually described by the detectivity D, defined as 
the ratio of noise voltage ∆VN and responsivity RV. It is noticed that, since dielectric 
ferroelectrics are highly insulating, the noise source is therefore mainly originated from 









∆= , (2.4) 
where εr is the relative dielectric permittivity or dielectric constant of pyroelectric 
element, k the Boltzmann constant, and ε0 the dielectric permittivity of free space. 
Equation (2.4) shows that detectivity is inversely proportional to the thickness and area of 
the pyroelectric element, indicating that small area and thin thickness result in a high 





detector performance. This clearly indicates the potentials of thin-film technology in the 
development of pyroelectric detectors. From material perspective, to maximize the 
detectivity it is important to maximize the detectivity figure of merit (FD) of the 
pyroelectric element [1]: 
 δεε tan0 rD c
pF ′= . (2.5) 
Requirement of Physical Properties 
From Eq. (2.5), it can be seen that to obtain good pyroelectric thin-film materials, it is 
necessary to improve the pyroelectric coefficient p while decreasing the heat capacitance 
c’, dielectric constant εr and dielectric loss tanδ. Practically, improvement in p usually 
produces enhanced pyroelectric performance and thus attracts many researchers. 
2.1.2 Tunable Devices 
Principle of Device 
Wireless communication is transferred by electromagnetic wave which involves radio 
frequency (RF), microwave (MW), or infra-red short-range communications. RF refers to 
frequencies in the range of 3 Hz – 300 MHz while MW refers to frequencies in the range 
of 300 MHz – 300 GHz. These frequency ranges of electromagnetic spectra have an 
important role in wireless communication systems as shown in Table. 2.1. 
The basic structure of a typical tunable device is a capacitor as illustrated in Fig. 2.2 
where a ferroelectric material of length d is embedded between two electrodes and biased 
with an applied voltage. The tuning characteristic of the tunable device is characterized by 
its ability to change the phase speed vp of an electromagnetic wave propagating through its 
medium [2]: 





 ε1=pv , (2.6) 
where ε is the dielectric permittivity of the tunable thin film or element.  
 
 





















100,000 km – 10,000 km 
Communication with submarines 
30–300 Hz 
10,000 km – 1000 km 
Communication with submarines 
300–3000 Hz 
1000 km – 100 km 
Communication within mines 
3–30 kHz 
100 km – 10 km 
Submarine communication, avalanche 
beacons, wireless heart rate monitors, 
geophysics 
30–300 kHz 
10 km – 1 km 
Navigation, time signals, AM long 
wave broadcasting 
300–3000 kHz 
1 km – 100 m 
AM (Medium-wave) broadcasts 
3–30 MHz 
100 m – 10 m 
Shortwave broadcasts, amateur radio 
and over-the-horizon aviation 
communications 
30–300 MHz 
10 m – 1 m 
FM, television broadcasts and line-of-







1 m – 100 mm 
Television broadcasts, microwave 
ovens, mobile phones, wireless LAN, 
Bluetooth, GPS and Two-Way Radios 
such as FRS and GMRS Radios 
3–30 GHz 
100 mm – 10 mm 
Microwave devices, wireless LAN, 
most modern Radars 
30–300 GHz 
10 mm – 1 mm 
Radio astronomy, high-speed 
microwave radio relay 
 
 
For a ferroelectric material, due to its high variation in dielectric permittivity vs. 
electric field, the frequency and phase characteristics of its tunable device can be tuned by 
changing the bias voltage accordingly. 






Fig. 2.2. Basic structure of a typical tunable device [4] 
  
Performance and Requirement of Physical Properties 
The dependence of dielectric permittivity on an applied electric field in ferroelectrics 
is described through a quantity known as “tunability”, defined as n = εr(0)/εr(E), where 
εr(0) and εr(E) are the dielectric constant at zero field and electric field E, respectively [5]. 












εε . (2.7) 











rrr EnK . (2.8) 
As can be seen from Eq. (2.8), from material perspective, good ferroelectrics for 
tunable devices should possess high tunability nr and low dielectric loss tanδ  (or high Q 
factor, where Q = 1/tanδ). Ferroelectrics usually possess moderate dielectric loss; 
therefore enhancing the tunability is normally the main target of many researchers for 
tunable application’s purposes.  





2.1.3 Perovskite-Structure Ferroelectrics  
Many ferroelectrics have been examined for their pyroelectric and tunable properties, 
such as BaTiO3, Ba1–xSrxTiO3 (BST), PbSc1/2Ta1/2O3 (PST), KTa1–xNbxO3 (KTN), Sr1–
xBaxNb2O6 (SBN), PbMg1/3Nb2/3O3 (PMN), BaTi1–xSnxO3 (BTS), and Ba(ZrxTi1-x)O3 
(BZT) [1]. Most of them possess the perovskite or ABO3 structures, where O is the 
oxygen existing in anions O2–, A and B are the cations of different sizes. A perovskite 
structure is approximately a face-centered cube in which A occupies the corners, B at the 
body center, and oxygen at the face centers of the unit cell, as shown in Fig. 2.3(a). It can 
also be considered as a cubic-shape arrangement of sets of BO6 octahedra connected by 
the shared oxygen ions, with cations B filling the octahedral interstitial positions and 
cations A occupying the spaces between the octahedra as in Fig. 2.3(b) [1].  
 
Fig. 2.3. Cubic perovskite structure represented as (a) a unit cell of ABO3 and (b) network of BO6 
octahedra [1]. 
 
It is known that barium titanate (BaTiO3) is a prototype ferroelectric material of 









important ferroelectrics are formed by doping one or some other atoms in the A-sites or B-
sites of BaTiO3 structure. The doping usually results in decreasing of the Curie 
temperature of BaTiO3, from 120 oC to around room temperature. Above the Curie 
temperature, the materials are in paraelectric phase of cubic perovskite structure, and 
below it, the materials are in the ferroelectric phase of tetragonal perovskite structure. In 
practice, the phase transition temperature of ferroelectrics is usually characterized by its 
maximum dielectric permittivity which depends on the fabrication route, fabricated 
constituent powders, and frequency of measurement. Typically, ferroelectric materials 
possessing dielectric permittivity peak at around room temperature have enhanced 
pyroelectricity and/or tunability. 
2.1.4 (Ba1–xSrx)TiO3 and Ba(ZrxTi1–x)O3 Thin Films 
2.1.4.1 (Ba1–xSrx)O3 Thin Films 
Among many ferroelectrics, the lead-free perovskite (Ba1–xSrx)TiO3 (BST) is one of 
the important materials, that has been widely studied for pyroelectric and tunable 
properties, because of its high pyroelectric coefficient and tunability depending on 
composition and growth conditions [1, 5]. (Ba1–xSrx)TiO3 is formed by the substitution of 
Sr ions into A-sites of BaTiO3 perovskite. Its compositions of 0.2 ≤ x ≤ 0.4 have dielectric 
permittivity peak at around room temperature, and are usually used in pyroelectric 
detectors [6-10], while composition of x = 0.5 has been widely studied for tunable 
applications [11-15]. 
Sengupta et al. [7] and later Zhang et al. [8] have achieved very good results in BST 
64/36 thin films with pyroelectric coefficient p ~ 1900 µCm–2K–1, and figure of merit FD > 
6.0 x 10–5 Pa–1/2 at a frequency of 200 Hz, employing pulsed laser ablation and sol-gel 





techniques, respectively. Noda et al. [6] has made attempts to study the induced 
pyroelectric properties of BST 67/33 thin films using a PLD process. A remarkable 
improvement in pyroelectric coefficient up to 1800 µCm–2K–1 with the merit figure as 
high as FD = 5.1 x 10–5 Pa–1/2 at 1 kHz frequency have been achieved.  
Works on tunable properties of BST are more systematic in which oxygen vacancy, 
lattice mismatch, thermal mismatch, texture and annealing conditions have been widely 
investigated for their effects on the tunable properties of BST thin films [11-15].  Kim et 
al. [11] deposited epitaxial BST 50/50 thin films on MgO substrate by a PLD process, and 
their results showed that the in-plane tunability nr and quality factor Q increase with 
increasing unit cell volume and number of oxygen vacancies. Low tetragonal distortion 
(a/c ~ 1), or specifically low stress or strain, has been noted to produce high dielectric 
constant, large tunability, high quality factor and high figure of merit. On the other hand, 
Chang et al. [12] found that the as-deposited BST 50/50 film on MgO substrate possesses 
higher capacitance and tunability and lower quality factor Q than the as-deposited BST 
50/50 film on LaAlO3 substrate. However, when the film was annealed at ≤ 1000 oC, the 
capacitance and tunability decreased and Q increased in BST 50/50 film on MgO, but it is 
opposite for film deposited on LaAlO3. Knauss et al [13] also observed the same trend for 
BST film on LaAlO3. 
2.1.4.2 Ba(ZrxTi1–x)O3 Thin Films 
Recently, great attention has been focused on a B-site doped BaTiO3 perovskite, 
Ba(ZrxTi1–x)O3 (BZT) which has shown to produce very good tunability, competitive to 
BST [16-22]. It should be noticed that, both BST and BZT share some common features, 
e.g. good dielectric tunability, even though they have different atom arrangements in their 





lattices. In BST, Ba atoms are partially replaced by strontium, while in BZT the Ti atoms 
are partially substituted by zirconium. Because of this difference, BZT is expected to have 
a better insulation property since Zr4+ is chemically more stable than Ti4+, giving rise to 
suppression of conduction induced by the electron hopping between Ti4+ and Ti3+ [23].  
On the other hand, BZT thin films usually possess a smaller grain size than that of 
BST prepared under the same conditions, which is possibly another desirable feature of 
BZT for pyroelectric detectors and tunable devices. The reduction in grain size could lead 
to a decrease in dielectric loss and an increase in the figure of merit [17]. Moreover, the 
substitution of Zr of larger ionic radius (0.087 nm) into Ti-sites of smaller ionic radius 
(0.068 nm) results in decreasing the ferroelectric-paraelectric phase transition temperature 
and expanding the lattice parameters [23, 24], which are expected to improve pyroelectric 
and tunable properties. An excellent tunability of 93 % has been achieved in bulk BZT 
[16], indicating that this material is a promising candidate for use in future tunable 
devices.  
Annealing temperature and texture/interlayer effects have been examined for BZT thin 
films deposited on single crystal [21] and Si-based substrates [18-20], respectively, 
showing a tunability of 76 % for epitaxial film on MgO substrate [21] and 75 % for (110)-
oriented film on CaRuO3-coated Pt/Ti/SiO2/Si substrate [19]. It is noticed that although 
some promising results have been reported for BZT, there are still very limited studies on 
its tunable properties. Moreover, there is no report so far on its pyroelectric properties, 
both in bulk and thin-film forms. Such reasons have resulted in strong interest for this 
research. 
 





2.2 Ferroelectric Phenomena 
2.2.1 Dielectric, Pyroelectric and Ferroelectricity 
There are seven crystal systems in a solid, which belong to 32 point-groups according 
to their symmetry with respect to a point. Among these, 11 of them are centrosymmetric 
while the other 21 are non-centrosymmetric which possess one or more 
crystallographically unique polar axes. In the 21 non-centrosymmetric point-groups, 20 of 
them can exhibit the so-called “piezoelectric effect” where a material can be polarized and 
thus produce electric charge under an applied external stress. Of the 20 piezoelectric 
point-groups, 10 of them have a unique polar axis and named as polar crystals. These 
materials possess a so-called spontaneous polarization, Ps, defined as the dipole moment 
per unit volume along the polar axis in the absence of external electric field and stress. 
This Ps is temperature dependent and exhibits the so-called “pyroelectric effect”.  
It is important to note that the Ps of most pyroelectric materials is able to reverse by 
the application of an opposite electric field. These materials possess at least two 
equilibrium orientations of Ps at certain temperatures. Thus they belong to a sub-group of 
pyroelectric materials known as “ferroelectric materials”. Ps in a ferroelectric material 
exists within a certain temperature range. With an increase in temperature, Ps decreases 
and becomes zero upon reaching a critical temperature called Curie temperature, TC, 
below which the material is in ferroelectric phase and above which the material is in 
paraelectric phase. The Curie temperature is therefore considered as the transition 
temperature between the ferroelectric phase of lower symmetry and paraelectric phase of 
higher symmetry. It is noted that the phenomena happening in ferroelectric materials are 





also similar to those in ferromagnetic materials, typically are the domains, domain walls, 
domain switching and hysteresis [1].  
Like other dielectric materials, the total surface charge density induced by an external 
electric field in ferroelectrics can be expressed through the dielectric displacement D:  
 EPD 0ε+= , (2.9) 
where P and E are the total polarization and applied electric field, respectively. For a polar 
material, P is composed of a spontaneous part, Ps, and an induced part, EPind χε 0=  
produced from the applied electric field, where χ is the dielectric susceptibility. Therefore 
 EPEPEEPD srss εεεεχε +=+=++= 000 )( , (2.10) 
where εr = (χ+1) is the relative dielectric permittivity or dielectric constant of the 
ferroelectrics. Pyroelectric coefficient p due to the temperature dependence of Ps, ε and 














∂= εε 0 , (E = const.). (2.11) 
The first term in Eq. (2.11) is known as the “conventional pyroelectric coefficient,” 
while the second is the (field) “induced pyroelectric coefficient” that usually produces 
much higher magnitude than the first one. To physically describe the behaviors happening 
in ferroelectrics, a thermodynamic theory has been developed by Devonshire [1] and will 
be briefly described in section 2.2.2. 
2.2.2 Phase Transition in Ferroelectrics 
Assuming that the ferroelectrics is in a stress-free condition, its elastic Gibb free 
energy in the one-dimensional case can be expressed by a Taylor expansion limiting to 
sixth-order power term as:  










1),( DDDDTG δγα ++= , (2.12) 
where α, γ and δ are proportional coefficients. The electric field and free energy are 








∂= , (2.13) 
















E δγακε . (2.14) 
The coefficient δ is very small and positive in order for G1 to remain stable as D 
approaches ∞. For simplicity, γ and δ are assumed to be independent of temperature, while 
α is dependent on temperature in a linear fashion: 
 ( )0TT −= βα , (2.15) 
where β is a positive constant, T0 the Curie-Weiss temperature. The sign of α then 
depends on temperature, and consequently, the sign of γ becomes an important implication 
that decides whether the transition is first-order or second-order. The phase transition of 
second-order is usually encountered in real ferroelectric thin-film structures and thus will 
be considered in this study. 
Equation (2.12) describes a second-order phase transition if γ is positive. Its free 
energy G1 is given in Fig. 2.4. When α > 0, G1 has a single minimum at D = 0, implying 
that the material is in non-polar state belonging to paraelectric phase. When α < 0 it has a 
double-minimum together with a single maximum located at D = 0. The double-minimum 
corresponds to two non-zero values of D, implying that the material is in polar state 
belonging to ferroelectric phase. The minima are symmetrical about the G1-axis since 





polarization can orientate in two opposite directions of the polar axis. With increase in α, 
the two minima move closer and finally reach one minimum at α = α0 where the three 
extremes coincide with each other. It is clear that the material undergoes a continuous 
transition from ferroelectric (polar-state) to paraelectric (non-polar state) as α passes 
through α0. In practical situations, the following condition is met: γ2 >> αδ. Assuming that 
no electric field is applied, Eq. (2.13) has three solutions corresponding to the three 
extremes of the free energy curve:   
 0== sPD , (for α > 0 and α < 0), (2.16) 
and  )( 0
22 TTPD s −−=−== γ
β
γ
α ; (for α < 0). (2.17) 
 
Fig. 2.4. Free energy G1 as a function of dielectric displacement D for different values of 
coefficient α of a second-order phase transition material. 
 
At T = T0, both Eqs. (2.16) and (2.17) have the same value Ps = 0, corresponding to the 
transition curve of free energy at α = α0. It follows from Eq. (2.15) that in the case T = T0 
the coefficient α0 = 0, T0 is therefore the transition temperature between ferroelectric and 
paraelectric phases. Consequently, in the second-order phase transition, the Curie 
G1 
D 
α < 0 
α = α0
α > 0





temperature TC = T0. The dependence of D and its derivative, known as pyroelectric 
coefficient, at zero fields can be represented in Fig. 2.5 (a).  
 
 
Fig. 2.5. a) Dielectric displacement D and pyroelectric coefficient p, and b) dielectric permittivity 
ε and its reciprocal κ, as functions of temperature T at zero field E = 0 and non-zero field E > 0 in 
a second-order phase transition material [1]. 
 
Since there is no polarization in the paraelectric phase at E = 0, dielectric displacement 
and pyroelectric coefficient are all equal to zero. The dielectric permittivity ε and its 
reciprocal κ in the paraelectric phase can be obtained from Eq. (2.14) as 






κε ; T > T0. (2.19) 
T0 = TC 
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Equation (2.19) is known as the Curie-Weiss’ law with the coefficient β–1 ≡ C known as 
Curie-Weiss’ constant. The dielectric permittivity in the ferroelectric phase can be 
obtained by substituting D in Eq. (2.17) into Eq. (2.14) and assuming the fourth-order 
term of D negligible: 






κε ; T < T0. (2.21) 
The dependence of κ and ε on T described in Eqs. (2.20) and (2.21) can be represented in 
Fig. 2.5 (b). The κ(T) curve consists of two straight lines, one with a positive slope for T > 
T0 and the other with a negative slope of higher absolute value for T < T0. Both lines meet 
the T-axis (κ = 0) at T = T0. In the ε(T) curve, the permittivity slowly increases when T 
approaches T0 from both sides. ε at T > T0 is a little higher than that at T < T0 and becomes 
divergent or approaches infinity when T comes close to T0 from both sides. 
In the case of E > 0, the behaviors are complicated and will not be shown here. 
Figures 2.5 (a) and (b) represent the effects of electric field on ε and κ. Under an applied 
field (E > 0), the κ curve is moved up and slightly shifted to higher temperature. The 
transition between the two branches is no longer sharp but somewhat diffuse. 
Consequently, the permittivity is suppressed by the field and possesses a broad transition 
at around T0 while its peak is slightly shifted to temperature higher than T0. 
2.3 Size Effect in Ferroelectrics 
It should be noted that the dielectric behaviors of ferroelectrics strongly affect the 
tunability and induced pyroelectric properties, particularly in thin-film form. A higher 





dielectric permittivity (at zero electric field) would usually result in a higher tunability [5], 
and a sharper phase transition of dielectric permittivity would result in a higher induced 
pyroelectric coefficient (refer to Eq. (2.11)). However, the magnitude of dielectric 
permittivity and its phase transition behavior are significantly dependent on the dimension 
of ferroelectrics usually known as “size effect”. On one hand, ferroelectric materials can 
exhibit very high dielectric permittivity in the bulk form. However, in thin-film form, its 
dielectric permittivity is reduced considerably [25]. On the other hand, the bulk materials 
can undergo a very sharp transition from ferroelectric to paraelectric phases, whereas in 
thin films the transition is suppressed and manifests no sharp peak. Figure 2.6 is an 
example of bulk and thin film ferroelectric of the same composition Ba0.7Sr0.3TiO3 [25].  
 
 
Fig. 2.6. The dependence of dielectric permittivity on temperature in bulk and thin film of 
Ba0.7Sr0.3TiO3 [25] 
There are many possible reasons to explain the size effect in ferroelectrics. Bulk 
ferroelectrics have been known to present a strong dependence of permittivity on grain 





size [26, 27]. It has been suggested that bulk ferroelectrics consists of high permittivity 
grains and low permittivity grain boundaries in series [28]. As the grain size becomes 
smaller, the ratio of grain to boundary is smaller, thus making smaller the dielectric 
permittivity. The phase transition is also found to be strongly suppressed by the reduction 
in grain size in bulk BaTiO3 ceramics [28]. In thin films, permittivity also shows variation 
with grain size. It increases with grain size [29]. Nevertheless, the variation in thin film is 
much smaller than that of bulk ferroelectrics [30], and is shown to be less important 
compared to the bulk counterpart in case of the columnar grain structures with all the 
grains and grain boundaries in parallel [31].  
In addition to grain size effect, many other possible factors would cause the reduction 
of permittivity and the suppression of phase transition in thin films. They include 
interfacial capacitance layer [32-35], stress/strain [25, 36], compositional inhomogeneity 
[30], and space charge region [30]. 
Polandov and Mylov [37, 38] indicated that the increase in applied hydrostatic 
pressure on bulk BZT would result in a shift of dielectric permittivity towards lower 
temperature while the Curie temperature is thus also displaced by the pressure. A 
reduction in internal strain has been shown to make “sharper” the ferroelectric-paraelectric 
phase transition, increase the transition temperature and dielectric constant [21]. 
2.4 Thin-Film Deposition and Characterization 
2.4.1 Pulsed Laser Deposition Method 
Pulsed laser deposition (PLD) is a physical vapor deposition method for thin film 
preparation which has been widely utilized by many researchers in recent decades [39, 





40]. In this method a focused pulsed-excimer laser beam is used to bombard a rotating 
target at a certain angle (normally 45o) in a high vacuum chamber. Depending on the thin 
film materials to be deposited, active gases, such as oxygen, can be continuously 
introduced into the chamber at a specific pressure. Due to the interaction with high-energy 
radiation, species of materials, such as ions, atoms and molecules, are ablated from the 
target, interact and react with active gases, and form a plume or plasma environment of a 
comet shape perpendicular to the target surface. These species transfer through the space 
between the target and the substrate to condense and nucleate on a heated substrate 
controlled by a heater and put in-face to the target, as can be seen in Fig. 2.7. 
 
Fig. 2.7. Pulsed laser deposition system and process [41] 
Thin film deposition by PLD has many advantages compared to other methods. It has 
the ability to produce films of complex stoichiometry transferred from the target. In 
addition, the process is quite simple with high deposition rate compared to other methods, 





such as metal-organic chemical vapor deposition (MOCVD) and molecular beam epitaxy 
(MBE), and the capability to deposit multilayer thin films by using many different targets 
put inside the chamber. Moreover, a PLD system is relatively cheaper than that of these 
methods. The main disadvantage of PLD is the non-uniformity of thickness of the thin 
films. In addition, the surface of thin films often suffers from particulates or droplets. 
Microstructures and properties of the thin films can be controlled by various 
deposition parameters, such as substrate temperature, active gas (oxygen) pressure, target-
to-substrate distance, laser fluence, laser repetition rate, laser spot size on target, laser 
wavelength and others, of which the substrate temperature and the oxygen pressure are the 
two most important parameters strongly affecting the film microstructures and properties. 
The increase in substrate temperature usually increases the diffuseness of the atomic 
species that arrive at the substrate surface, resulting in the homogeneous nucleating 
clusters and thus thin-film layers. However, at very high temperature, nearly 1000 oC, 
species that arrive at the surface may have too high mobility, and are thus difficult to be 
located at a certain position and may be evaporated back out of the substrate surface 
resulting in reduction in film thickness [39, 40]. Normally, for thin films of ferroelectric 
ceramics, the suitable temperature falls in the range of 500–850 oC.  
Oxygen pressure has strong effects on the volume and shape of the plasma or plume. 
Low oxygen pressure creates a large plume that increases the deposition rate and therefore 
the film thickness. In contrast, high oxygen pressure increases the number of collided 
particles and collision processes during the transferring process from target to substrate. 
Consequently, the plume is reduced in size and volume, and thus the deposition rate and 
film thickness are reduced. On the other hand, high oxygen pressure reduces the oxygen 





vacancies in the lattice, which has the effects of changing the lattice parameters and 
properties of the films. For thin films of ferroelectric ceramics, the oxygen pressure 
usually falls in the range of 20 mTorr to 1 Torr where high quality thin films can be 
obtained.  
2.4.2 Microstructure Analysis 
For microstructure analysis, X-ray diffraction (XRD) - a non-destructive technique - has 
been used to identify and analyze the crystal structure of thin films, including crystallinity, 
orientation, texture and lattice parameters. The principle of XRD is based on Bragg’s 
diffraction law described as [42]: 
 λθ nd =sin2 , (n = integer), (2.22) 
where d is the distance between two lattice planes, θ and λ respectively the incident angle 
and wavelength of the monochromatic X-ray beam, and n the order of diffraction order. 
Diffraction only occurs when the traveling length of the beam which incident to and 
reflected from successive planes is a multiple of the wavelength of X-ray, namely n, is an 
integer number. Figure 2.8 illustrates the Bragg diffraction phenomenon for two nearest 
successive planes. When the incident angle θ is changed, each d-spacing results in a 
satisfaction of Bragg’s law and produces a peak in the diffraction pattern. 
 
Fig. 2.8. Schematic description of Bragg’s law [43] 





In addition to XRD, a scanning electron microscope (SEM) is also used to observe the 
surface morphology and cross section of thin films. Practically, a field emission scanning 
electron microscope (FE-SEM) is widely employed for such purposes due to its 
advantages of higher resolution without using a conducting coating on the materials. 
Inside a FE-SEM, under a high electric field an electron beam will be emitted from a 
field-emission cathode in an electron gun. The beam is then focused and controlled by an 
optical lens system before bombarding onto a sample positioned on a holder whose 
position can be displaced in x-y-z directions. The electron beam can be controlled to scan 
across the area of the sample surface or cross section. The secondary electron emitted 
from the sample will be recorded by a detector and transferred to electrical signal to make 
an image of the sample. The whole system is put inside a very high vacuum chamber to 
eliminate scattering due to the dust and gaseous molecules or atoms [44]. 
2.4.3 Dielectric Measurement 
The relative dielectric permittivity of a material in an alternating electric field can be 
represented by a complex form: rrr jεεε ′′−′=* , where the real part rε ′  represents the 
energy stored and the imaginary part rε ′′  represents the energy loss of the field in the 
material. The dielectric constant εr and dielectric loss tanδ are thus obtained as: 
  22 rrr εεε ′′+′=  ; (2.23) 
 rr εεδ ′′′= /tan . (2.24) 
To measure the dielectric properties, the capacitance method is usually used, normally 
exhibited by an impedance analyzer. In this method, the dielectric material need to be 
measured is embedded between two electrode layers to form a parallel plate capacitor C. 





This capacitor can be described by an electrical circuit consisting of a capacitance Cp and 
a resistance Rp (or conductance G) connected in parallel. The admittance Y and complex 
admittance Y* of the circuit are then:  
 0











⎛ −=+= ωωω , (2.26) 
where ω is the frequency of electric field, j the imaginary unit and C0 the capacitance 
























′′ , (2.29) 
where S and t are respectively the area and thickness of the dielectric material [45]. 
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CHAPTER 3:  EXPERIMENTAL  
 PROCEDURES 
 
3.1 Target Fabrication 
In this study, Ba(Zr0.25Ti0.75)O3 target was fabricated by the conventional solid solution 
method [1], from a mixture of BaCO3 (99.98 % purity, Sigma-Aldrich), ZrO2 (99.9 % 
purity, Inframat) and TiO2 (99.99 % purity, Inframat) powders. The fabrication process is 
as follows: 
• Milling and Mixing: 18g of BaCO3, ZrO2, and TiO3  powders in stoichiometry were 
first weighed, mixed and ball milled (Spex) in distilled water medium in a Zirconia jar 
with 7 Zirconium balls of 0.5 cm diameter for 4 hours. 
• Drying and Die-pressing: The ball-milled powder was dried in a low temperature 
furnace (80–100 oC) for about 1 hour to evaporate the water. The dried powder was 
then put inside a plastic bag and manually ground. After that, it was put into a die of 
30 mm diameter and pressed at 10 ton pressure to make into a pellet of high density. 
• Calcination: The pellet was placed in a high temperature furnace covered by alumina 
crucible. The temperature was ramped at a heating rate of 5 oC/min to 1200 oC and 
held for 2 hours before cooling down to room temperature at a rate of 10 oC/min. 
• Milling and mixing: The calcinated pellet was broken in a plastic bag into small pieces 
and manually ground. 4 wt. % PVA (polyvinyl alcohol powder) was then added into 
the ground powder followed by ball milling using Spex with the zirconium jar and 7 
zirconium balls for 4 hours in a distilled water medium. 





• Drying and Die-pressing: Similar to the first drying and die-pressing, the ball-milled 
and mixed powders were dried, ground, and pressed into a pellet of high green density. 
• Sintering: The pellet was placed in a high temperature furnace covered by alumina 
crucible. It was first heated to 350 oC at 1 oC/min and held for 1 hour to evaporate all 
the water and PVA. Then, the temperature was increased to 1200 oC at a heating rate 
of 5 oC/min and held for 2 hours. Finally, the pellet was sintered at 1560 oC for 20 
hours before cooling down to room temperature at a cooling rate of 10 oC/min. The 
sintered pellet shrunk about 80 % compared to the green volume. The sintered pellet 
was then polished on its surfaces. 
3.2 Substrate and Target Cleaning 
The substrates for thin film deposition were cleaned in acetone and then alcohol in an 
ultrasonic rinser. After that, it was rinsed with distilled water and blown by Ar or N2 gas 
before loaded into the substrate holder inside the vacuum chamber. The chamber was then 
pumped to a pressure less than 2 × 10–5 Torr to promote desorption of water vapor and 
other contaminants that were previously absorbed on all the surfaces in the chamber. The 
substrate temperature was then increased to the deposition temperature and held for at 
least 30 minutes to desorp the residual water vapor and removes all the organic 
contaminants out of the substrate surface until the vacuum in the chamber stabilized at < 2 
× 10–5 torr. Targets used for ablation were previously installed into the vacuum chamber. 
Before the first deposition, the substrate was covered by a shuttle in order for the laser to 
bombard on each target for about 10 minutes to heat and remove contaminants out of the 
surface of the target. In addition, before each deposition, the substrate was also covered by 





shutter for the laser to “clean” the target’s surface for a few minutes to eliminate 
contaminants from previous deposition of other targets. 
3.3 Thin Film Growth 
In this study, a KrF excimer laser (Lamda Physik) of wavelength 248 nm and spot size 
8 mm2 was used to bombard the targets at an energy of 150 mJ and a repetition rate of 10 
Hz. The target-to-substrate distance was kept constant at 4.5 cm. Vacuum chamber was 
evacuated by a primary Leybold pump and a secondary Turbo pump. Temperature was 
controlled by a Chino heater. Firstly, the vacuum chamber was evacuated to a vacuum less 
than 2 x10–5 Torr, oxygen gas was then introduced continuously at a specific pressure to 
the chamber before deposition. 
For electrode deposition, a LaNiO3 (LNO) target was employed. The substrate 
temperature was kept at 600 oC and the oxygen pressure introduced was controlled at 50 
mtorr. After the deposition, the substrate temperature was held for 5–20 min to anneal the 
LNO film or immediately increased or decreased at 5 or 10 oC/min to the deposition 
temperature of BZT 25/75 thin films. In BZT deposition, the temperature was in the range 
from 520 to 650 oC while the oxygen pressure was in the range from 20 to 600 mtorr. 
After the deposition, the BZT films were annealed for 20 to 80 min or immediately cooled 
to room temperature at a cooling rate of 10 oC/min. For capacitor measurements, top-
electrodes were deposited by a DC sputter machine onto the BZT films through a shadow 
mask of 200 µm diameter, and using Au or Pt as the target material. The final structure of 
a thin film sample ready for testing is illustrated in Fig. 3.1  






Fig. 3.1. Parallel plate capacitor structure of ferroelectric thin film on substrate. 
3.4 Thin Film Characterization 
A Shimadzu 7000 diffractometer was used to identify the peak intensities, orientation 
and lattice parameters of the thin films. The diffractometer operated in θ -2θ  mode with 
the Cu-Kα X-ray target of wavelength 1.54 Å. The experiment was carried out at room 
temperature while the angle 2θ  swept from 20o to 120o.  
To characterize the surface morphology of the thin films, a Hitachi S-4300 FE-SEM 
was employed with an operation voltage of 10–30 kV, the working distance of 5–10 cm 
and a vacuum less than 10–4 torr. Surface morphology of the thin films could be observed 
by pasting the thin-film sample onto the holder by a carbon paste. Thickness or cross 
section can be observed by attaching the sample vertical to the holder. 
Dielectric constant, εr, and dielectric loss, tanδ, were measured by a Solartron 
impedance analyzer SI 1260 connected with a dielectric interface 1296 at frequencies of 1 
and 1000 kHz; the DC bias voltage varied between –40 and 40V. The measurement with 
temperature was controlled by a heater whose temperature is varied from 2 to 50 oC. The 
sense voltage was adjusted to give an electric field of about 1 kV/cm. 
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CHAPTER 4:  TEMPERATURE AND 




It is well known that deposition temperature and heat treatment play a very important 
role in the growth of thin films. In a PLD process, deposition at room temperature can 
often produce amorphous ferroelectric thin films. Normally, nucleation can only be 
observed at a substrate temperature of higher than 400 oC, and fully crystallized films are 
obtained at even higher temperatures depending on the materials and their compositions. 
These temperatures are usually in the range from 550 to 850 oC for most of ferroelectric 
thin films. 
In addition to the deposition temperature, post-heat treatment, such as in-situ or ex-situ 
annealing after thin-film deposition also plays an important role. The annealing process 
usually results in an increase in grain size. This in turn generally results in an increase in 
dielectric constant and polarization of the films. In another aspect, annealing may help the 
films relaxed by reducing the residual stress, thus improving the films’ properties. Ex-situ 
annealing has also been shown to exhibit significant effects on the microstructures and 
properties of ferroelectric thin films [1–5]. Such annealing at high temperature in a high 
oxygen pressure environment helps to reduce the oxygen vacancies produced in the 
deposition process. A reduction in oxygen vacancies makes improvement in the insulating 
properties, changes the lattice structure and residual stress, which affects the extent of 
ionic polarization in the thin films [3]. On the other hand, ex-situ annealing at a low 





temperature normally does not change the microstructures of the films significantly, but 
may improve their dielectric properties. Annealing at low temperature below the 
nucleation of the perovskite oxide ferroelectrics such as at 200-300 oC can aid to reduce 
the space charge existing at the interfaces between film layers. This reduction in space 
charge normally stabilizes or reduces the dielectric constant and dielectric loss in the low 
frequency region.  
Due to the changes in the lattice structure and residual stress, the deposition 
temperature and heat treatment may also influence the phase transition behaviors of 
ferroelectric thin films [2, 5–7]. Because the high deposition temperature and post-
annealing usually enhance the crystallinity and possibly enlarge the ferroelectric domain 
size in thin films, the dielectric properties can be improved while the phase transition 
region may become sharper and may shift to a higher or lower temperature. Typically, the 
behaviors have been observed in Ba(Ti0.85Sn0.15)O3 thin films [5] where the post-annealing 
in air has resulted in an increased dielectric constant and enhanced slope of dielectric vs. 
temperature curve, leading to increase in induced pyroelectric properties.  
It is noted that the post-annealing effect on dielectric properties of BZT has once been 
examined for Ba(Zr0.3Ti0.7)O3 thin films deposited on MgO single crystal substrate [6, 7]. 
Dramatic changes in phase transition behavior, lattice strain and tunability of the films 
have been observed. However, investigation on post-annealing effect has not been widely 
considered in BZT, especially for its induced pyroelectric properties which have not been 
widely studied elsewhere. In this study, the BZT thin films will be prepared at different 
deposition temperatures and in-situ post-annealing durations on LaNiO3-coated SiO2/Si 
substrates to investigate the dependence of microstructures and thus properties on 
deposition temperature and annealing duration.  






LaNiO3 (LNO) thin film of about 200 nm thick was first deposited on SiO2/Si 
substrates at temperature of 600 oC and oxygen pressure of 50 mtorr for 10 min, followed 
by annealing for 20 min and 400 mtorr oxygen pressure prior to BZT deposition. BZT thin 
films of about 500 nm were then deposited at different substrate temperatures of 520, 560, 
600 and 640 oC and at an oxygen pressure of 200 mtorr for 15 min, followed by annealing 
for 20 min. For the films deposited at 640 oC, they were annealed at 640 oC for different 
durations of 0, 20, 40, 60 and 80 min in the deposition chamber. After deposition and/or 
annealing, all the films were cooled down at a cooling rate of 10 oC/min. 
4.3 Microstructure  
If the c-axis is assumed along out-of-plane direction, Fig. 4.1(a) reveals the X-ray 
diffraction (XRD) pattern, showing the (00l) and (011) orientations, of the BZT thin films 
deposited at different temperatures. At 520 oC, the BZT film shows perovskite structure 
with a low crystallinity, where the existence of a pyrochlore peak is observed. At 
temperatures ≥ 560 oC, the crystallinity was observed to improve with the increase in 
temperature. The pyrochlore phase gradually disappears instead of the appearance of (111) 
peak of perovskite structure. It is noted that the degree of orientation of the (00l) peaks 
defined as P(00l) = ∑I(00l)/∑I(hkl) for the films deposited at 560 or 600 oC is about 65 %, 
while those for the films deposited at 640 oC and annealed for different durations are 
higher than 70 %, showing that the films deposited at 640 oC have relatively high (00l) 
texture. 
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Fig. 4.1. a) XRD diffraction spectra of BZT films deposited at different temperatures followed by 
annealing for 20 min, and b) lattice parameter d measured from (002) out-of-plane diffraction. The 
triangles represent d at different deposition temperatures followed by 20 min annealing while the 
squares represent the d of films deposited at 640 oC  followed by annealing for different durations.  





In addition to the improvement in crystallinity and (00l) texture, the out-of-plane 
lattice parameter d, calculated from the (002) peak using Bragg’s diffraction law in Eq. 
(2.22), was found to increase with the increase in deposition temperature as well as post-
annealing duration, particularly in comparison to the as-deposited film (Fig. 4.1(b)). The 
reason for the increase in d has not been well understood. It may be due to the relaxation 
of the in-plane lattice parameter caused by the increase in deposition temperature and/or 
by post-annealing. 
Figure 4.2 shows the FE-SEM images of the deposited BZT thin films. It can be seen 
from Fig. 4.2(a) through 4.2(d) that there is an apparent improvement in the surface 
texture when the deposition temperature is gradually increased from 520 to 640 oC. The 
BZT film deposited at 520 oC (Fig. 5.2(a)) shows a featureless image due to its low 
crystallinity. Crystalline features are gradually built up when the temperature increased 
from 560 to 640 oC as observed from Fig. 4.2(b) through 4.2(d). Many small particles 
appeared and gathered into blocks at 560 oC, enlarged their sizes at 600 oC, and finally 
disappeared at 640 oC, where the formation of dense blocks with triangular pyramid and 
stair-step shapes was observed (Fig. 4.2(d)). It is observable that at 560 and 600 oC, such 
small particles do not have any clear texture. Whereas at 640 oC, these particles manifest 
quite a clear texture of triangular pyramid and stair-step shapes, in which the texture in the 
annealed films is more clear than that in the as-deposited film (compare between Figs. 
4.2(d)/(f) and 4.2(e)). Such observations indicate that high deposition temperature and 
post-annealing process have resulted in the improved surface texture of the films.  
 






Fig. 4.2. FE-SEM images of BZT thin films on LaNiO3/SiO2/Si substrates (deposited at/ annealed 
for): a) 520 oC/ 20 min; b) 560 oC/ 20 min; c) 600 oC/ 20 min; d) 640 oC/ 20 min; e) 640 oC/ 0 min 
(as-deposited film); f) 640 oC/ 80 min. 
4.4 Polarization 
Figures 4.3(a) and 4.3(b) represent the polarization-electric field (P-E) loops of the 
films deposited respectively at various deposition temperatures and annealing durations 
measured at 20 V amplitude voltage.  



































Fig. 4.3. Polarization-Electric field (P-E) loops of the BZT thin films at different deposition 
temperatures and annealing durations: a) films deposited at various temperatures (520, 560, 600, 
640 oC) and post-annealed for 20 min; b) films deposited at 640 oC and post-annealed at various 
durations (0, 20, 80 min).  





The film deposited at 520 oC possesses the lowest polarization and most likely a 
capacitance behavior with a slim P-E loop of straight-line shape. This is attributed to the 
existence of pyrochlore phase intermixed with low crystallinity perovskite phase, causing 
the “dead layers” at grain boundaries [8]. The pyrochlore phase suppresses the 
ferroelectric domain sizes and reduces the ferroelectric or hysteretic characteristic of the 
P-E loop. As the temperature was increased to 560 oC, because the amount of pyrochlore 
phase was appreciably reduced as well as the increase in the crystallinity of the perovskite 
phase, the saturation polarization significantly increased while the hysteretic characteristic 
improved considerably. As the temperature was increased to 600 and 640 oC, the 
saturation polarization and hysteretic characteristic improved continuously due to the 
disappearance of pyrochlore phase and the improvement of crystallinity and surface 
texture. Therefore, the saturation polarization at 400 kVcm–1 increased from 4.4, 7.5, 10.9 
to 12.0 µC.cm–2 when the temperature was increased from 520 to 640 oC, while at the 
same time, the P-E loop showed more hysteretic characteristic.  
Annealing duration showed less effect on the saturation polarization and P-E loop 
characteristic of the films deposited at 640 oC (Fig 4.3(b)). The saturation polarization at 
400 kVcm–1 varied within a small range between 11.9 and 12.2 µC.cm–2 for annealing 
duration from 20 to 80 min. These polarizations showed a noticeable change with respect 
to the as-deposited film of 11.1 µCcm–2. It can be concluded that the enhancement in 
saturation polarization and hysteretic characteristic caused by the deposition temperature 
and the post-annealing duration is attributed to the improved crystallinity and surface 
texture which reduce the ferroelectric domain walls and enlarge the size of the domains. In 





addition, the increase in the out-of-plane lattice parameter d has also contributed 
significantly to the increase in polarization. 
4.5 Effects of Deposition Temperature and Annealing 
Duration on Dielectric and Tunable Properties 
Figure 4.4 represents the dielectric constant εr of the BZT films measured at 1 MHz 
frequency with the applied electric bias varying from –400 kVcm–1 to 400 kVcm–1. It can 
be seen that almost all of the films are able to withstand the 400 kVcm–1 electric bias and 
have very slim dielectric hysteresis loops, except for the film deposited at 520 oC which 
could only withstand a low electric bias of 150 kVcm–1. The dielectric constant at zero 
bias increased considerably with the deposition temperature, while the dielectric constant 
at the maximum bias increased very little, except for the case at 520 oC where the film 
could not withstand high electric bias.  
Figure 4.5 represents the dielectric constant εr(0) and dielectric loss tanδ(0) at zero 
electric bias, measured at 1 kHz and 1 MHz frequencies. The dielectric constant εr(0) at 1 
MHz frequency increased considerably from 94, 353, 483, to 577 and that at 1 kHz 
frequency also significantly increased from 182, 423, 558, to 638 when the deposition 
temperature was increased from 520, 560, 600 to 640 oC. Noticeably, there is a big “jump” 
in εr(0) of about 3.5 times for 1 MHz frequency and 2.3 times for 1 kHz frequency, when 
the deposition temperature increased from 520 oC where pyrochlore phase exists, to 560 
oC where pyrochlore phase seems to disappear. This indicates that pyrochlore phase has a 
considerable influence on the value of εr(0). 






















































Fig. 4.4. Dependence of dielectric constant (εr) on the applied electric field (E) of the BZT thin 
films on LaNiO3/SiO2/Si substrates, measured at 1 MHz frequency: a) films deposited at various 
temperatures (520, 560, 600, 640 oC) and post-annealed for 20 min; and (b) films deposited at 640 
oC and post-annealed for various durations (0, 20, 80 min). 
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Fig. 4.5. Dielectric constant εr(0) and dielectric loss tanδ(0) at zero electric bias, measured at 1 
MHz and 1 kHz frequencies, for the BZT thin films deposited on LaNiO3/SiO2/Si substrates at a) 
various deposition temperatures and b) various post-annealing durations. 





An increase in εr(0) was also observable for the films annealed at 640 oC for different 
durations although the change is not as significant as compared to that observed in the thin 
films deposited at different temperatures (Figs. 4.5(a) and 4.5(b)). The dielectric constant 
εr(0) seems to gradually increase from 498 to 592 for 1 MHz frequency and from 566 to 
711 for 1 kHz frequency, when the annealing duration was increased from 0 (as-deposited 
film) to 80 min (Fig. 4.5(b)). 
In general, it can be concluded that both deposition temperature and post-annealing 
duration have contributed to the increase in the dielectric constant εr(0) of the BZT thin 
films. It is apparent that the increased dielectric constant caused by deposition temperature 
and post-annealing is the result of the improved crystallinity and surface texture so that a 
fully perovskite crystalline phase is gradually built up in the whole volume of the thin 
films. Such behaviors have also been observed by Park et al. [9] for the BST thin films.  
Contrary to the behaviors observed in the dielectric constant εr(0), the dielectric loss at 
zero electric bias tanδ(0) decreased with the increase in deposition temperature and post-
annealing duration, for both 1 MHz and 1 kHz frequencies. At 520 oC, tanδ(0) at 1 MHz 
frequency is very high about 0.569, it suddenly reduces to 0.191 at 560 oC, and then 
slowly reduces to 0.175 and 0.138 at 600 and 640 oC, respectively as shown in Fig. 4.5(a). 
At 1 kHz frequency tanδ(0) is much lower, it also suddenly decreases from 0.0769 to 
0.0251 as the temperature increased from 520 oC to 560 oC, and then decreases to 0.0115 
and 0.0083 as the temperature increased to 600 and 640 oC, respectively.  
For the films post-annealed at 640 oC, the values of tanδ(0) were also observed to 
decrease with the increase in annealing duration, but the change seems to be in a linear 
fashion as depicted in Fig. 4.5(b) where tanδ(0) at 1 MHz frequency slowly decreased 





from 0.148, 0.138, 0.139, 0.117, to 0.120 and that at 1 kHz frequency decreased from 
0.0098, 0.0083, 0.0081, 0.0076, to 0.0071 as the annealing duration increased from 0, 20, 
40, 60, to 80 min. It is clear that the decrease in the dielectric loss tanδ(0) with the 
increase in deposition temperature and post-annealing duration is the result of 
improvement in the crystallinity of the films so that the number of defects in the film 
structure is gradually reduced. These defects are the main reasons causing the high 
dielectric loss in the thin films [10, 11]. 
In general, the changes of εr(0) and tanδ(0) vs. deposition temperature and annealing 
duration measured at 1 MHz frequency are very similar to those for 1 kHz frequency. 
However, it is important to note that the values of εr(0) measured at 1 kHz are higher than 
those measured at 1 MHz, while the values of tanδ(0) measured at 1 kHz are much lower 
than those measured at 1 MHz. These differences should be attributed to the effects of 
polarization mechanisms.  
Because dielectric permittivity is a measure of the ability of a dielectric material to 
respond or polarize under an applied electric field, its magnitude is affected by the 
polarization mechanisms, including electronic, ionic, dipolar and space charges. 
Depending on the measuring frequency, those polarization mechanisms show their 
different effects on the dielectric permittivity as described in Fig. 4.6 [12]. In general, εr is 
approximately equal to the real part εr’ and tanδ is approximately proportional to the 
imaginary part εr” because εr” << εr’ and tanδ(0) = εr”/εr’. Therefore, in the current case, 
it is clear from Fig. 4.6 that the lower frequency of 1 kHz falls in the region influenced by 
the dipolar polarization mechanism, and possesses higher εr and lower tanδ, whereas the 





higher frequency of 1 MHz falls in the transition region between the dipolar and ionic 
polarization mechanisms and will possess lower εr and higher tanδ. 
 
 
Fig. 4.6. Dependence of the real εr’ and imaginary εr” parts of dielectric constant on frequency 
under influence of polarization mechanisms [12].  
 
 
Figure 4.7 reveals the dependence of the tunability nr (at 1 MHz frequency) on electric 
field bias at various deposition temperatures and post-annealing durations. The curves 
show butterfly shapes and the loops are slim due to the slim dielectric hysteretic loops as 
observed in Fig. 4.4. At the maximum bias of ±400 kVcm–1, the tunability increased 
considerably with the deposition temperature. The increase was also observable for the 
films annealed for different durations at 640 oC but the changes are less significant. The 
















4.4 and 4.5. The dependence of nr at ±400 kVcm–1 on deposition temperature and post-
annealing duration is plotted as Fig. 4.8. Tunability increased dramatically from 29.5, 
65.2, 72.0, to 74.9 % when the deposition temperature was increased from 520, 560, 600 
to 640 oC, while the annealed films showed a significant improvement of 74.1–75.9 % in 
comparison to the as-deposited film of 71.2 %.  
From the tunability and dielectric loss at 1 MHz frequency, obtained from Figs. 4.5 
and 4.8, the dependence of the tunable figure of merit (K) on the deposition temperature 
and annealing duration can be plotted as shown in Figs. 4.8(a) and 4.8(b), respectively. 
The K significantly increases with deposition temperature, while its increase is less 
significant with annealing duration. This is because the dielectric constant εr(0) increased 
significantly with temperature but slowly with annealing duration (Figs. 4.5(a) and (b)). 
Moreover, the dielectric loss tanδ(0) decreases slowly for both cases, except for the 
sudden change from 0.57 to 0.19 when the deposition temperature was increased from 520 
to 560 oC (Fig. 4.5(a)), which contributed to the sudden increase in K as observed in Fig. 
4.8(a).  
It is important to note that a high tunability of about 76 % has been achieved for the 
film deposited and annealed at 640 oC, which is higher than that of other BZT films, such 
as 75 % for Ba(Zr0.20Ti0.80)O3 on CaRuO3/Pt/Ti/SiO2/Si [13], 64 % for Ba(Zr0.05Ti0.95)O3 
on LaNiO3/Pt/Ti/SiO2/Si [14], and 59 % for Ba(Zr0.20Ti0.80)O3 on La0.7Ca0.3MnO3/ 
Pt/Ti/SiO2/Si [15]. 
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Fig. 4.7. The dependence of tunability (nr) on applied electric field (E) in BZT thin films on 
LaNiO3/SiO2/Si substrates, measured at 1 MHz: a) films deposited at various temperatures of 520, 
560, 600, 640 oC and post-annealed for 20 min; (b) films deposited at 640 oC without annealing or 
annealed for durations of 20 and 80 min. 
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Fig. 4.8. Tunability nr and tunable figure of merit (K) at 400 kV/cm electric bias and 1 MHz 
frequency for BZT thin films at a) various deposition temperatures and b) various post-annealing 
durations. 





It is evident that the improvements in crystallinity and surface texture with deposition 
temperature or annealing duration are the main reasons resulting in the increases in εr(0), 
nr [9] and P (as explained above). It has been believed that compositional inhomogeneity 
and/or structural disorder would result in a diffused phase transition characteristic or 
specifically depress the dielectric constant in a ferroelectric material [16, 17]. This is 
probably because of the fact that the film is composed of crystals with different 
crystallinities and/or disorder-structure of low dielectric constant so that the total dielectric 
constant of the material diminished, and this reduction is proportional to the degree of 
inhomogeneity or disordering [17].  
Therefore, in the current case, it may be due to the intermixing of the low-εr 
pyrochlore phase and the high-εr perovskite phase so that the film deposited at 520 oC had 
very low εr(0) and it became conductive when an electric field larger than 150 kVcm–1 is 
applied. At a higher temperature of 560 oC, εr(0) increased significantly because of the 
considerable reduction in the amount of pyrochlore phase and thus ordering in perovskite 
phase is enhanced. Accordingly, the increase in εr(0) at 600 and 640 oC may have been 
resulted from the disappearance of pyrochlore phase and the increase in ordering of the 
perovskite phase. For the perovskite-phase films deposited and annealed at 640 oC, the 
increase in εr(0) with increasing annealing duration may be due to the more ordered 
structure formed by post-annealing, similar to the case observed in PST thin films [18]. It 
can be seen from Fig. 4.5 that there is a significant difference in εr(0) among the films 
deposited at 520, 560, and 600 oC, indicating that pyrochlore phase has a strong effect on 
the dielectric constant and thus tunability of BZT thin films, whereas only a small 
difference was observed between the films deposited and post-annealed at 640 oC.  





In addition to the effect of crystallinity and surface texture on εr(0) and nr, it is also 
possible that the increases in nr and P are caused by the increase in out-of-plane lattice 
parameter d of (00l) texture. For a ferroelectric film highly oriented along nonpolar axis, 
when an electric field is applied, many of the 90o domains are switched from in-plane to 
out-of-plane direction [19]. Moreover, in a proper tetragonal ferroelectric the dielectric 
constant along polar axis is much smaller than that along nonpolar axis [20]. In the current 
case, because the out-of-plane lattice parameter d in all BZT films is smaller than the 
lattice parameter of BZT bulk of cubic structure, the BZT films should be nonpolar along 
surface normal direction. Thus, in the highly (00l) texture of BZT films, under an applied 
electric field E, the longer the parameter d, the higher the polarization P(E) can be 
achieved and hence the lower the dielectric constant εr(E). The strong reduction in 
dielectric constant at an applied electric field results in the enhancement of tunability.  
To represent the relationships among εr(0), εr(E), nr(E) and P(E), where εr(E), nr(E) 
and P(E) are the dielectric constant, tunability and polarization at an applied electric field 
E, respectively, thermodynamic theory for ferroelectrics can be used here. It is noted that 
the dielectric constant εr of the BZT films is much larger than unity, and thus the dielectric 
susceptibility χ would also be much larger than unity, since χ = εr – 1. From equations 
(2.9) and (2.10) in Chapter 2, it is able to write PD ≅ . The dielectric constant at an 
applied electric field can be obtained by rewriting the expression of dielectric constant 
from Eq. (2.14) by ignoring the 4th-order term since δ is usually not significant: 



































,  (4.1) 
where αεε 0
1)0( =r , ε0 = 8.854 × 10–12 C2N–1m–2, the dielectric permittivity in vacuum 




































Equations (4.1) and (4.2) clearly show that at an applied electric field E, an increase in 
P(E) would result in a reduction in εr(E), and an increase in εr(0) and/or P(E) would result 
in an increase in tunability nr(E). Especially, εr(E) and nr(E) are strongly dependent on 
P(E) because of the second-order proportionality. In the current case, the increases in εr(0) 
and P(E) are originated from the improvement in microstructure caused by deposition 
temperature and post-annealing. 
Based on equations (4.1) and (4.2), the coefficient γ at 400 kVcm–1 for the BZT films 
deposited at different temperatures and post-annealed for different durations can be 
calculated and the results are tabulated in Table 4.1. The results show that gradual increase 
in deposition temperature leads to a gradual reduction in γ, while the post-annealed films 
have smaller γ in comparison to as-deposited films, indicating that, the smaller the value 





of the coefficient γ is, the better the quality and properties of the films. For the films 
deposited at 640 oC, γ  does not show much variation for different annealing durations 
from 20 to 80 min, whose value varies in the range of 1.33 and 1.36 ×1010 Jm5C–4.  
 
 
Table 4.1. Dielectric constant at zero bias εr(0), tunability nr and polarization P at 400 kVcm–1 and 
Landau coefficient γ of Ba(Zr0.25Ti0.75)O3 thin films deposited at different temperatures and 
annealing durations on LaNiO3-coated SiO2/Si substrates. 
Deposition temp. ; 
 Annealing duration 




at 400 kVcm–1 
(%) 
P 




(×1010 Jm5C–4 ) 
520 ; 20 
560 ; 20 
600 ; 20 

















640 ; 00 
640 ; 20 
640 ; 40 
640 ; 60 





























4.6 Effects of Deposition Temperature and Annealing 
Duration on Pyroelectric Properties 
Figure 4.9 shows the temperature dependence of the dielectric constant εr measured at 
40 kVcm–1 and 1 kHz. Clearly, at a specific temperature T, the higher the deposition 
temperature or longer annealing duration, the higher the dielectric constant is. As observed 
in the εr vs. T curve, the dielectric constant in all the films always increases as the 
temperature decreases, and εr at room temperature is always smaller than that at lower 
temperatures, indicating that the ferroelectric-paraelectric phase transition region belongs 
to the temperatures below room temperature. Noticeably, the increase in dielectric 
constant εr with decreasing temperature T is more rapid at a higher deposition temperature 
as compared to a lower deposition temperature, in Fig. 4.9(a), or at a longer annealing 
duration as compared to a shorter annealing duration, in Fig. 4.9(b).  
To study the change of εr with temperature, the slope of εr vs. T curve, dεr/dT, is 
plotted for various deposition temperatures and post-annealing durations as shown in Figs. 
4.10(a) and 4.10(b). The slope dεr/dT in all of the BZT thin films is negative because the 
fact that the phase transition region in the films is below room temperature. Figures 
4.10(a) and 4.10(b) clearly show that the slope dεr/dT increases linearly with increasing 
deposition temperature and annealing duration. The magnitude or absolute value dTd rε  
increased from 0.7, 2.3, 4.1, to 5.3 as the deposition temperature was increased from 520, 
560, 600, to 640 oC, and it increased from 4.2, 5.3, 6.1, 6.9 to 7.8 as the annealing duration 
was increased from 0, 20, 40, 60, to 80 min. 









































Fig. 4.9. Temperature dependence of dielectric constant εr measured at 40 kV/cm electric bias and 
1 kHz frequency, for BZT thin films deposited at a) various deposition temperatures and b) 
various post-annealing durations. 




































































Fig. 4.10. Dielectric constant vs. temperature slope dεr/dT and induced pyroelectric coefficient p at 
40 kV/cm electric bias, 1 kHz frequency and room temperature for BZT thin films deposited at a) 
various deposition temperatures and b) various post-annealing durations. 





It is apparent that the increase in the slope dTd rε  (at room temperature) with 
deposition temperature and annealing duration is due to significant increase in dielectric 
constant in the ferroelectric-paraelectric phase transition region. This increase in dielectric 
constant has been shown to originate from the improvement in crystallinity and/or surface 
texture so that the pyrochlore phase or disorder structure of low dielectric constant is 
significantly reduced with increasing deposition temperature and annealing duration.  
On the other hand, it is noted that the out-of-plane lattice parameter d is increased with 
the deposition temperature and annealing duration, approaching the BZT bulk value (Fig. 
4.1(b)). If the bulk BZT, of cubic structure, is assumed to be stress/strain free, the increase 
in d has resulted in the decrease in compressive stress/strain along the out-of-plane 
direction with increasing deposition temperature and annealing duration. It is reported that 
a decrease in compressive stress [21] or an increase in lattice parameter [22] is 
accompanied with an increase in Curie temperature. In the current case, it is possible that 
the phase transition region, having highest dielectric constant, has shifted to higher 
temperatures with increasing deposition temperature and annealing duration, so that the 
dielectric constant was increased considerably at a temperature below room temperature as 
observed in Fig. 4.9. This increase in dielectric constant has lead to the increase in slope 
dTd rε  as the deposition temperature and annealing duration were increased. 
From the slope dTd rε , the induced pyroelectric coefficient can be calculated using 
the formula in Eq. (2.11) or Eq. (A2) in Appendix: )(0 dTdEp rεε ××= , where ε0 = 
8.854 × 10–12 Fm–1 and E = 40 kVcm–1. The results are plotted in Figs. 4.9(a) and 4.9(b), 
where the magnitude or absolute value p  increases linearly with deposition temperature 





and annealing duration. ⎢p⎢ increases from 25, 81, 145, to 188 µCm–2K–1 as the deposition 
temperature is increased from 520, 560, 600, to 640 oC, and it increases from 149, 188, 
216, 244, to 276 µCm–2K–1 as the annealing duration is increased from 0, 20, 40, 60, to 80 
min.  
In combination the values of the induced pyroelectric coefficient ⎢p⎢, the dielectric 
constant εr(0) and dielectric loss tanδ(0) (at 1 kHz frequency), the induced pyroelectric 
figure of merit FD can be calculated based on Eq. (2.5) or Eq. (A4) in Appendix, and 
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Fig. 4.11. Pyroelectric figure of merit FD (at 1 kHz frequency) for BZT thin films deposited at 
various deposition temperatures and post-annealing durations. 
 





It can be seen in Fig. 4.11 that FD increases in a linear fashion with deposition 
temperature and annealing duration. In the limit of experimental conditions of this study, a 
maximum FD of about 1.6 × 10–5 Pa–1/2 has been obtained at the highest deposition 
temperature of 640 oC and annealing duration of 80 min, indicating that high deposition 
temperature and long annealing duration are very beneficial for the improvement on 
induced pyroelectric figure of merit in BZT thin films. 
4.7 Summary 
This chapter has studied the effects of deposition temperature Td and annealing 
duration ta on microstructures and properties of BZT thin films, the results are summarized 
in Table 4.2.  
Crystallinity and surface texture were improved and lattice parameter d was increased 
with temperature and annealing, which has been explained to originate from the high 
energy supplied and the film relaxation, respectively. This in one hand results in the 
increase of dielectric constant εr(0) due to the reduction in pyrochlore phase or disorder 
structures of low dielectric constant; in the other hand it results in the decrease of 
dielectric loss tanδ(0) due to the reduction of the defects concentration. 
The increases in εr(0) and d are the reasons behind the increase in tunability nr and 
pyroelectric coefficient p with deposition temperature and annealing duration. The 
interrelationships among εr(0), εr(E), P(E), and nr(E) are well established based on the 
thermodynamic theory.  The results show that high deposition temperature and long 
annealing time are beneficial for the improvement in tunable and pyroelectric properties of 
the BZT thin films. 





Table 4.2. Changes in microstructures and properties of BZT thin films observed from the 
increase in deposition temperature Td and annealing duration ta. 
 Increase in Td :  
520 → 640 oC 
(Films annealed for 20 min, 
500 nm thick) 
Increase in ta : 
0 → 80 min 
(Films deposited at 640 oC, 
500 nm thick) 
Crystallinity Increased significantly Increased a little 
Surface Texture Changed from unclear to stair-
step & triangular pyramid 
shapes 
Stair-step & triangular 
pyramid shapes with little 
more clear 
Lattice parameter d Increased significantly 
towards dbulk  
Increased much slower 
towards dbulk 
εr(0) Increased significantly Increased a little 
Tanδ(0) Reduced significantly Reduced a little 
nr 
(%) 
Increased significantly Increased a little, 
maximum  = 76 % at 80 min 





maximum = 188 µC/m2K 
Increased with a slower rate, 
maximum = 276 µC/m2K 
FD  
(×10– 5 Pa–1/2) 
Increased significantly, 
maximum = 1.0 ×10– 5 Pa–1/2 
Increased with a slower rate, 
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CHAPTER 5:  OXYGEN STOICHIOMETRY 
 
 
5.1 Stress/Strain Caused by Oxygen Stoichiometry  
It is known that the magnitude of dielectric constant and the changes in ferroelectric-
paraelectric phase transition in the ferroelectric thin films are influenced by many factors, 
including grain size, compositional inhomogeneity, stress/strain, interfacial capacitance 
layer and space charge region [1–3]. Among these, stress/strain is one of the most 
important factors that attracted much attention. 
Stress/strain in the thin films can be controlled by many ways. The basic mechanism is 
to vary the lattice parameters of the film structure in the fabrication process. Ferroelectric 
thin films are normally deposited at high deposition temperatures (550–850 oC) where the 
materials are usually in cubic or paraelectric phase. During the cooling process, residual 
stress/strain will be generated due to the changes in microstructure caused by defects in 
the lattice as well as due to the thermal expansion mismatch between the film and 
substrate.  
To control the residual stress/strain in thin films, one possible way is to choose the 
suitable substrate and electrode/buffer-layer materials which have appropriate lattice 
constants and thermal expansion coefficients as the ferroelectric film [4–7]. In another 
way, stress/strain in the thin films can be simply altered by changing the oxygen pressure 
and thus oxygen vacancies in the film structure during the deposition process [8–10]. In a 
fully oxygen-filled perovskite structure, the oxygen atoms occupy all the octahedral 





sites. However, in an oxygen deficient environment, the ionic bondings between oxygen 
and other atoms break. If two oxygen atoms are released to the environment from the 
lattice, 4 electrons are released by leaving back two oxygen vacancies. This phenomenon 
can be described by an equilibrium chemical reaction using Kröger-Vink notation: 
 −•• ++= eVgasOO OxO 42)(2 2 , (5.1) 
where xOO  is the neutral oxygen, 
••
OV , the oxygen vacancy and e
–, the electron released in 
the lattice. 
 The effects of oxygen pressure on the tunable properties have been widely 
investigated for the BST thin films deposited on single crystal substrates [9, 10] where the 
films had epitaxial structure and homogeneous orientation in (00l) plane. However, for the 
thin films deposited on the Si-based substrates, other orientations such as (011) and (111) 
would probably exist and the effects of oxygen pressure on the microstructure, tunable and 
pyroelectric properties of these films are more complicated and have not been thoroughly 
studied. In such circumstance, this chapter investigates the effect of oxygen pressure on 
the microstructure, tunable and induced pyroelectric properties of BZT 25/75 (or 
abbreviated as BZT) thin films prepared by the PLD method on the LaNiO3-coated 
SiO2/Si substrates.  
5.2 Experimental 
After deposition of the LaNiO3 (LNO) electrode film, the temperature was then 
increased to 650 oC for 10 min in the 50 mTorr oxygen pressure environment prior to BZT 
deposition. BZT thin films were then deposited at different oxygen pressures of 20, 50, 





100, 200, 400 and 600 mTorr and at 650 oC for 10-18 min. All the films were then cooled 
down to the room temperature at a cooling rate of 10 oC/min. The out-of-plane lattice 
parameter d of the thin films was calculated from the (002) peak of θ-2θ scan XRD.   
5.3  Growth Structure 
5.3.1 Lattice Structure 
Figure 5.1(a) shows the θ-2θ XRD pattern of the BZT thin films deposited at different 
oxygen pressures. The films show (011) and (00l) preferred orientations. At oxygen 
pressures ≤ 200 mTorr, (111) peak shows very low intensity as compared to (011) and 
(00l) peaks, and it seems to disappear at pressures ≥ 400 mTorr. It is noted that the degree 
of orientation in (011) or (00l) plane, defined as P(00l) = ∑I(00l)/∑I(hkl) or P(011) = 
∑I(011)/∑I(hkl), is observed to vary with the oxygen pressure. Figure 5.1(b) represents this 
variation. It can be seen that almost all of the BZT thin films have a high degree of (00l) 
orientation larger than 81 % for most of the films, except the one deposited at 200 mTorr. 
The BZT films tend to reach the perfect (00l) orientation at a very low or very high 
oxygen pressure (P(00l) = 96.2 % at 20 mTorr and 91.5 % at 600 mTorr). As the pressure 
increases from 20 to 100 mTorr or decreases from 600 to 400 mTorr, the (011) orientation 
gradually builds up while the (00l) orientation gradually decreases.  

















































































Fig. 5.1. a) XRD pattern and b) degree of orientation of BZT 25/75 thin films deposited on 
LaNiO3/SiO2/Si substrates at various oxygen pressures.  
 





However, as observed in Fig. 5.1(b), there are sudden changes in P(00l) and P(011) when 
pressure increases from 100 to 200 mTorr or decreases from 400 to 200 mTorr. The film 
deposited at 200 mTorr seems to have an intermixed structure consisting of two 
orientations with approximately same degree, (00l) of 52.8 % and (011) of 44.5 %. This 
behavior indicates that the orientations of the BZT films grown on LNO-coated SiO2/Si 
substrates are strongly affected by the oxygen pressure. 
It has been shown by Ramesh and Schlom [11] that the key in controlling the 
crystallographic orientation and crystalline perfection in perovskite epitaxial structure is 
the “template” surface which acts as a structural template for film growth. When the 
template surface is in a cubic perovskite structure or has similar crystal chemistry in terms 
of oxygen coordination with the growing film, epitaxy is then facilitated. However, in this 
case it is clear that although the LNO electrode, which has the preferred (00l) orientation, 
acts as the template layer, the BZT films also show significant changes in their 
orientations not following the (00l) template, as the pressure changes. This indicates that 
in addition to the influence from the template layer, other operating parameters may also 
affect the preferred orientations of the BZT thin films.  
The evolution of orientations of the thin films in the low oxygen pressure region of ≤ 
200 mTorr has been believed to originate from many reasons including scattering by 
particle bombardment mechanism [12], thermal vibration [13], and minimization of 
surface energy by electrical charge neutrality in the two-dimensional plane [14]. 
Based on particle bombardment mechanism [12], the ablated particles at a low oxygen 
pressure are expected to arrive at the substrate surface with a conserved energy or without 
much energy loss. The film is therefore grown by high-energy ablated particles normal to 





the substrate surface, resulting in a film with a certain primary orientation. On the 
contrary, in a high oxygen environment, because of the multiple collisions between the 
ablated particles caused by the enhanced number of oxygen species when transferring 
from the target to the substrate, these particles lose a lot of their energy before bombarding 
on the substrate. Consequently, the film is grown by the low-energy scattered particles 
incident at oblique angles, resulting in a film with more random orientation. The higher 
the oxygen pressure, the higher the number of ablated particles scattered at oblique angles 
and thus the more random the film orientation. This mechanism may explain the decrease 
in (00l) orientation as the oxygen pressure increases in the low oxygen pressure region of 
≤ 200 mTorr. However, it is not sufficient to explain for the enhanced appearance of (011) 
orientation with increasing oxygen pressure. 
To solve the problem in the bombardment mechanism, Lee et al. [13] has suggested 
the thermal vibration model to be one of the possible mechanisms for the evolution of 
preferred orientations in BaTiO3 thin films. In this model, Lee et al. [13] has taken 
advantage the highly ionic characteristic of the BaTiO3 thin films of perovskite structure, 
because it has an ionic component of 82 % for Ba-O bond and 68 % for Ti-O bond in the 
unit cell [15].  
Based on the thermal vibration model, if the BZT perovskite is considered as an ionic-
bonding material similar to BaTiO3 perovskite, the relationship between binding energy 
and mean interionic distance of component atoms can be schematically expressed as 
shown in Fig. 5.2 [13]. If the ablated particles landing on the substrate surface at a low 
energy, E1, their thermal vibration is weak and their lattice is formed with a mean 
interionic distance X1. However, if the energy of the ablated particles is increased to E2, 





the thermal vibration is increased resulting in the mean interionic distance of X2 > X1 due 
to the enhanced anharmonicity. Because the (111) plane in perovskite structure has the 
highest packing density and thus thermodynamically the most stable plane among low-
index crystal planes, the low-energy or weak vibrating particles should have been grown 
along (111) plane. However, it is noted that the (011) plane is the unique one having Ti-O 
and Zr-O bondings, among the low-index crystal planes. Thus, although (011) plane has 
lower packing density, it is more thermodynamically stable than (111) and (00l) planes, 
and facilitate the growth of low-energy or weak vibrating ablated particles [13]. On the 
other hand, in the low oxygen pressure environment, the high-energy or intense vibration 
of ablated particles may prevent them from aligning along the highest packing density 
state, and thus these intense vibrating particles are favorably grown along the relatively 
lower occupation density plane of (00l) [13]. 
 
 
Fig. 5.2. Schematic diagram of the relationship between energy of ablated particles and interionic 
distance [13]. 





The thermal vibration model can be further developed by considering the surface free 
energy of two dimensional planes to be the important parameter affecting the preferred 
orientations of thin films at the initial growth stage [14]. If ignoring the effect of substrate, 
the film is grown along the plane with the smallest surface free energy. In a simple metal 
system, the plane of the highest packing density has the smallest surface free energy. 
However, in ceramics systems with unit cells containing cations and anions, the 
electrostatic charges of the two-dimensional planes as well as the surface packing 
densities must be considered in the calculation of surface free energies.  
Figure 5.3 illustrates the atomic arrangement of the low-index planes of BaTiO3 
perovskite [14], the Ti4+ position can be replaced by Ti4+ or Zr4+ for BZT perovskite. It is 
asserted that the electrical charge neutrality in the two-dimensional plane is the most 
important factor affecting the orientation of thin films during the deposition at low oxygen 
pressure [14]. Thus, film deposited at low oxygen pressure is oriented along (00l) 
direction because the (00l) planes are the unique planes being electrically neutral in the 
perovskite structure. When the oxygen pressure increases, the number and kinetic energies 
of the ionic species near the substrate are decreased, and the effect of electrostatic charges 
in two-dimensional planes becomes weaker. In this case, the film is oriented in the 
thermodynamically stable plane of (011), as discussed in the thermal vibration model [14].  
It can be seen that the above thermal vibration and surface energy models can 
satisfactorily explain the mechanisms behind the evolution of orientations of the BZT 
films with an oxygen pressure from 20 to 200 mTorr. The behavior is however entirely 
inversed in the high oxygen pressure regime above 200 mTorr as observed in Fig. 5.1(b) 
where the (00l) orientation is gradually developed again with declination of the (011) 
orientation when the oxygen pressure increases. Under this circumstance, the plasma 





plume is constrained in its size or the substrate is located outside of the plume. The 
ablated species might largely lose their kinetic energies. According to Kim et al. [14], the 
formation of the films is just simply the mass transfer from the gas phase onto the 
substrate, and they must be grown in random orientation. However, this assumption is 




Fig. 5.3. Schematic diagram of atomic arrangement of two-dimensional planes in BaTiO3 where 
the numbers represent the electrostatic charge of each plane [14]. The Ti4+ position can be replaced 
by Ti4+ or Zr4+ for BZT perovskite. 
 





The mechanism behind the increase in (00l) orientation observed in the high pressure 
of > 200 mTorr has not been widely considered. Yet, it is possible to explain the behavior 
by considering again the effect of LNO electrode which acts as a template layer for BZT 
growth. The ablated particles with much lower kinetic energies caused by the high oxygen 
pressure do not nucleate and grow in random orientation instead they follow the LNO 
template so that the BZT film is oriented along the (00l) orientation. 
5.3.2 Lattice Parameter and Impact of Oxygen Vacancies 
Figure 5.4(a) illustrates the gradual shift of (002) peak to a low 2θ angle as the 
pressure decreases from 600 to 20 mTorr, clearly indicating the dependence of the lattice 
structure on oxygen pressure. The out-of-plane lattice parameter d, calculated from the 
(002) peak, is observed to increase with the decrease in the oxygen pressure, as shown in 
Fig. 5.4(b). Noticeably, the increase in parameter d of the thin film deposited at a lower 
oxygen pressure was much higher than that deposited at a higher oxygen pressure. The 
parameter d increased about 0.0023 Å or 0.06 % when pressure was reduced from 600 to 
400 mTorr, whereas it increased about 0.0087 Å or 0.21 % when pressure was reduced 
from 400 to 200 mTorr. A rapid increase in d to 0.0388 Å or 0.96 % was observed when 
the pressure was reduced from 200 to 20 mTorr. These variations indicate that low oxygen 
pressure or oxygen deficient environment has a significant effect on the lattice parameter 
and structure of the deposited BZT thin films. 
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Fig. 5.4. a) The shift in (002) peak and b) out-of-plane lattice parameter d calculated from (002) 
peak for BZT 25/75 thin films deposited on LaNiO3/SiO2/Si substrates at various oxygen 
pressures.  





It is important to note from Fig. 5.4(b) that when the oxygen pressure is reduced from 
600 to 20 mTorr, the out-of-plane lattice parameter d of the films reaches the value for the 
bulk dbulk = 4.0729 Å. At pressures ≤ 100 mTorr, d > dbulk and it significantly increases 
with the decrease in oxygen pressure; while at pressure ≥ 200 mTorr, d < dbulk and it 
slowly decreases with the increase in oxygen pressure. Assuming that bulk BZT 
ferroelectric of cubic structure has the lowest internal stress/strain state because it is free 
in all directions. The change in the lattice parameter in Fig. 5.4(b) implies a transition of 
lattice strain and thus polar state along the out-of-plane direction, from a compressive 
strain and thus nonpolar state (d < dbulk) to a tensile strain and thus polar state (d > dbulk) 












































Fig. 5.5. Lattice strain and polar state in BZT 25/75 thin films deposited on LaNiO3-coated SiO2/Si 
substrates at various oxygen pressures. 





It should be noted that the change in lattice parameter in a ferroelectric thin film may 
have resulted from many possible reasons, such as lattice mismatch and thermal expansion 
mismatch between the ferroelectric film and electrode/substrate, and particularly the 
existence of oxygen vacancies in the film lattice. In the current case, except for oxygen 
pressure, all other deposition conditions were fixed and the variation in lattice structure of 
the BZT thin films was resulted from the change in oxygen pressure, inferring that the 
oxygen vacancy might be the main reason causing the change in lattice parameter of the 
BZT thin films. 
At low oxygen pressure environment, the lattice of ferroelectric film was expanded 
beyond that of the corresponding bulk value because of the existence of oxygen vacancies 
in the perovskite lattice, which reduces the Coulomb interaction force between cations and 
anions. More specifically, the distance between A-site ions is expanded because of the 
Coulomb repulsive force between them. Therefore, the Coulomb interaction force between 
ions should be an important factor determining the lattice expansion of the ferroelectric 
film. This force particularly has strong effects on the out-of-plane direction because the 
lattice is free in this direction. Furthermore, in low oxygen pressure environment, the non-
isotropic stresses caused by lattice mismatch between the ferroelectric film and 
electrode/substrate may generate two crystallographically different oxygen vacancy sites 
(1/2,1/2,0) and (0,1/2,1/2)/(1/2,0,1/2) in which the (1/2,1/2,0) site is more stable than 
(1/2,0,1/2) or (0,1/2,1/2) site [16]. 
Assume that oxygen atoms in the BZT films and the deposition chamber are in 
equilibrium at a given temperature and oxygen pressure. Based on Eq. (5.1), the formation 
of oxygen vacancies in the BZT films can be represented using Kröger-Vink notation as: 
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where xOO  is the oxygen atom, 
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2 , (5.3) 
where ][ ••OV  is the concentration of oxygen vacancies, [e] the concentration of electrons 
and [ xOO ] the concentration of oxygen atoms in the lattice, PO2 is the oxygen pressure in 
the chamber, ∆H the enthalpy for the generation of oxygen vacancies, k the Boltzmann 
constant, T the temperature, and Γ0 a constant. Since the concentration of oxygen 
vacancies is extremely small in comparison to that of oxygen atoms in the lattice, the 
concentration of oxygen atoms in BZT can be considered as a constant or [ xOO ] = 









O ∆−•• . (5.4) 
Based on Eq. (5.2), assume that the concentration of electrons released is double that of 
oxygen vacancies released: ][ ••OV  = ½ [e], the concentration of oxygen vacancies in the 
BZT thin films at a certain temperature described in Eq. (5.4) is simply proportional to the 
oxygen pressure as: 
 6/1
2
~][ −•• ÒO PV  (5.5) 





Figure 5.6 illustrates the relative variation of oxygen vacancy concentration at various 
oxygen pressures with respect to the oxygen vacancy concentration at 600 mTorr, 
][ ••OV / ][
••
OV 600 mTorr. As can be seen in the figure, the lower the oxygen pressure, the faster 
the increase in oxygen vacancy concentration. The increase is only 7 % when the pressure 
is decreased from 600 to 400 mTorr and 12 % when decreased from 400 to 200 mTorr. A 
major jump of 47 % is observed when the pressure is decreased from 200 to 20 mTorr. 
Generally, oxygen vacancy concentration increases about 1.76 times (76 %) for film 
deposited at 20 mTorr as compared to film deposited at 600 mTorr, showing that the 

































Fig. 5.6. Relative oxygen vacancy concentration with respect to the concentration at 600 mTorr 
][ ••OV / ][
••
OV 600 mTorr, and lattice parameter d in BZT 25/75 thin films at various oxygen pressures. 





In the structure of BZT thin film deposited on LNO electrode, because of the smaller 
lattice parameter of LNO of about 3.87 Å compared to BZT of 4.07 Å, at the deposition 
temperature (650 oC) the in-plane lattice parameter of BZT should have been constrained 
to have the best match with the LNO lattice during the nucleation and growth process. At 
a lower oxygen pressure, because of the weaker Coulomb interaction force between ions 
in the BZT lattice caused by the higher concentration of oxygen vacancies, these ions in 
the lattice are easier to be displaced far away each other, particularly along out-of-plane 
direction since they are free or not clamped in this direction. As a result, the out-of-plane 
lattice parameter d is increased easier as the oxygen pressure decreases. In other word, at a 
higher oxygen pressure, due to the lower oxygen vacancy concentration, the Coulomb 
interaction force between ions is stronger so that these ions can only expand in a limited 
extent along the out-of-plane direction. The out-of-plane parameter d thus increases with 
difficulty when the oxygen pressure decreases. The higher the oxygen pressure, the 
smaller the extent of lattice expansion and hence the slower the increase in d as the 
oxygen pressure decreases, as shown in Fig. 5.6. 
On one hand, it has been shown that the Coulomb electrostatic interaction force plays 
an important role in the change of BZT lattice caused by oxygen vacancies. On the other 
hand, it is believed that the lattice expansion caused by oxygen vacancies is the result of 
electron hopping between Ti sites [18]. In this mechanism, electrons produced from the 
generation of oxygen vacancies described in Eq. (5.2) can hop between different titanium 
cations in the perovskite structure of BZT, resulting in the formation of Ti3+ ions. These 
ions have larger ionic radius than the original Ti4+ ions, and thus cause an expansion in the 
BZT lattice, particularly along the out-of-plane direction because of the freedom of lattice 





in this direction. The more oxygen vacancies formed from the decreased oxygen pressure, 
the more Ti3+ ions appear and the more the lattice expansion is. 
In comparing the way that parameter d and oxygen vacancy concentration vary with 
oxygen pressure in Fig. 5.6, it can be seen that the changing behavior in d seems to be 
proportional to the change in oxygen vacancy concentration. Therefore, it may be 
concluded that the formation of oxygen vacancies is the main reason causing the variation 
of lattice parameter in BZT thin films. 
5.3.3 Surface Morphology 
 Figure 5.7 shows the FE-SEM images of the BZT thin films deposited at various 
oxygen pressures. As can be seen from Figs. 5.7(a) and 5.7(b), the surfaces of the films 
deposited at low oxygen pressures of 20 and 50 mTorr are very smooth. The surface 
roughness is considerably increased as the oxygen pressure increases to 100 (Fig. 5.7(c)) 
and to 200 mTorr (Fig. 5.7(d)). The film at 100 mTorr is some rough although it shows 
unspecified surface texture, whereas the film at 200 mTorr possesses very high roughness 
and very clear texture consisting of many blocks of triangular pyramid shapes.  
For the films deposited at higher oxygen pressures such as 400 and 600 mTorr (Figs. 
5.7(e) and 5.7(f)), the blocks on the surfaces disappeared, instead grain structure with a 
very high uniformity of about 10-30 nm in size would be observed. This surface texture is 
similar to the ones observed on BZT thin films in other reports [19, 20] where the films 
were fabricated in a high oxygen environment. It is also noted that no change in grain size 
between films deposited at 400 and 600 mTorr could be seen in Figs. 5.7(e) and 5.7(f). 
However, micro-cracks are observed on the surface of film deposited at 400 mTorr, and 









Fig. 5.7. FE-SEM images of BZT thin films deposited at a) 20 mTorr, b) 50 mTorr, c) 100 mTorr, 
d) 200 mTorr, e) 400 mTorr and f) 600 mTorr of oxygen pressure. 





The above observations indicate that oxygen pressure has a significant effect on the 
surface morphology of the BZT thin films. The increased roughness with oxygen pressure 
in the pressure regime from 20 to 200 mTorr may be attributed to the decreasing energies 
of ablated particles during the transferring from the target to the substrate. As discussed in 
section 5.3.1, at low oxygen pressure environment, the film is grown by the energetic 
particles and favors (00l) orientation; its surface is therefore the stacking of (00l) planes 
and is very smooth. In contrast, at high oxygen pressure environment, ablated particles 
lose their kinetic energies and arrive at the substrate at oblique angles due to the scattering 
caused by collisions with enhanced oxygen gas. The film is then grown more randomly 
with the enhancement in (011) orientation. Its surface is therefore the stacking of (011) 
plane in addition to (00l) plane and thus possesses high roughness. Evidently, the high 
roughness is the result of the blocks of triangular pyramid shapes. These blocks represent 
the (011) plane stacks, while the locations with flat surface represent the (00l) plane 
stacks, as observed in Fig. 5.7(d). The behavior and mechanism are in good agreement 
with the ones observed in BaTiO3 and SrTiO3 thin films [21, 22].   
The above explanation is however only valid for films deposited at low oxygen 
pressure range from 20 to 200 mTorr. At higher oxygen pressures of 400 and 600 mTorr, 
the surfaces changed to the grain structure and no triangular pyramid blocks could be 
observed. Firstly, it is probably that the films at these high pressures have gained back the 
(00l) orientation and thus possess lower surface roughness than the film grown at 200 
mTorr. Secondly, because the ablated particles may lose all their kinetic energy on 
approaching the substrate and moreover they have very low thermal vibration, there is 
little competitive growth between the grains. The grain size is hence uniform and it does 
not increase or increase insignificantly with oxygen pressures (Figs. 5.7(e) and 5.7(f)). 





The appearance of micro-cracks in Figs. 5.7(e) and 5.7(f) should be due to the 
formation of dislocations to release the stress caused by lattice misfit between BZT and 
LNO. It is usually observed that as the oxygen pressure changes, the in-plane lattice 
parameter varies inversely with the out-of-plane parameter [9, 10]. This may be because 
the unit cell has the tendency to conserve its volume when the condition changes. In the 
current case, the BZT lattice is always constrained along in-plane direction by the LNO 
lattice because of its larger lattice parameter. In a lower oxygen pressure environment, the 
lattice parameter along the out-of-plane direction is larger, and thus the parameter along 
in-plane direction would be shorter, consequently the BZT film would have a better match 
with LNO lattice. On the other hand, in a higher oxygen pressure environment, the out-of-
plane lattice is smaller, thus the in-plane lattice would be longer, and the BZT film then 
would have higher mismatch with LNO lattice. To release this mismatch, dislocations are 
formed and become bigger in size as the mismatch increases with oxygen pressure. 
5.4 Effects of Oxygen Pressure on Dielectric and 
Tunable Properties 
5.4.1 Dielectric Constant and Loss 
Figure 5.8 represents the variation of dielectric constant εr and dielectric loss tanδ as 
functions of applied electric field in BZT films deposited at various oxygen pressures 
ranging from 20 to 600 mTorr, measured at 1 MHz frequency. It was observed that all the 
BZT films deposited within this pressure range have slim dielectric hysteresis loops which 
tend to be opened with decreasing pressure. At a specific electric bias, the dielectric loss is 





observed to decrease with increasing oxygen pressure, while the change of dielectric 




























Fig. 5.8. The dependence of dielectric constant, εr and dielectric loss, tanδ on applied electric field, 
in BZT thin films deposited on LNO/SiO2/Si substrates at various oxygen pressures. 
 
To describe the changes of dielectric properties with oxygen pressure, Fig. 5.9 shows 
the dielectric constant εr(0) and dielectric loss tanδ(0) at zero electric bias, measured at 1 
MHz and 1 kHz frequencies, and different oxygen pressures. The dielectric constant εr(0) 
changes significantly with oxygen pressure. It increases from 294 to 599 for 1 MHz 
frequency and from 335 to 650 for 1 kHz frequency when the pressure increases from 20 
to 200 mTorr, followed by a decrease to 397 and to 472 respectively as the pressure 





increases to 400 mTorr. Further increase in pressure, to 600 mTorr, εr(0) reduces with a 
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Fig. 5.9. Dielectric constant εr(0) and dielectric loss tanδ(0) at zero electric bias, measured at 1 
MHz and 1 kHz frequencies, in BZT thin films deposited on LNO-coated SiO2/Si substrates at 
various oxygen pressures. 
 
It is noted from Fig. 5.9 that εr(0) reaches the maximum value at 200 mTorr for both 
frequencies and reduces with increasing or decreasing pressure, indicating that oxygen 
pressure has a strong influence on dielectric constant. However, oxygen pressure shows 
less effect on the dielectric loss. Tanδ(0) at 1 MHz frequency only shows a reduction from 
0.229 to 0.122 as the pressure increases from 20 to 200 mTorr. At higher pressures, the 
change in tanδ(0) is even small from 0.122 to 0.103 when pressure increases in the whole 





range from 200 to 600 mTorr. Tanδ(0) measured at 1 kHz is also observed to decrease 
with oxygen pressure.  
It is clear from Fig. 5.9 that the changes of εr(0) and tanδ(0) measured at both 1 kHz 
and 1 MHz frequencies are very similar. The differences are the values of εr(0) and 
tanδ(0), where εr(0) at 1 kHz is higher than that at 1 MHz and tanδ(0) at 1 kHz is much 
smaller than that at 1 MHz frequency. These differences are apparently originated from 
the effects of polarization mechanisms as discussed in Chapter 4.  
The increase in tanδ(0) as the pressure decreases can be explained to originate from 
the formation of electrical carriers in the lattice, such as oxygen vacancies and electrons as 
described in Eq. (5.2). The significant change in dielectric loss at a low pressure (< 200 
mTorr) as compared to at a high pressure (> 200 mTorr), thus should be due to the 
significant increase in concentration of the carriers in the low oxygen pressure 
environment as compared to the high oxygen pressure environment, Fig. 5.4(b).  
However, the change in dielectric constant εr(0) with oxygen pressure is originated 
from many factors, including variations of lattice parameter d, orientation, and grain size 
in the BZT thin films. These factors are combined together to constitute the change in 
dielectric constant. Firstly, as has been known, the lattice parameter d is decreased with 
oxygen pressure. It is noted that in a perovskite ferroelectric, the dielectric constant along 
the short axis is larger than that along the long axis [23]. Therefore, in this case, the film 
deposited at a higher oxygen pressure has a larger dielectric constant εr(0) than that 
deposited at a lower oxygen pressure because of its shorter lattice parameter d. However, 
this mechanism may well explain the increase in εr(0) with oxygen pressure from 20 to 
200 mTorr, it cannot answer the decrease in εr(0) as the pressure increases from 200 to 





600 mTorr. On one hand, this is because of the insignificant decrease in d in the high 
oxygen pressure range, on the other hand, it is mainly because of the changes in 
orientation and grain size of the films. 
It has been shown that the thin films with (011) and (111) orientations have higher 
dielectric constants than that with (001) orientation [24–26]. Therefore, it can be 
concluded from Fig. 5.1 that because the (011) orientation shows increase while (00l) 
orientation shows decrease with oxygen pressure from 20 to 200 mTorr, the dielectric 
constant hence increases with pressure in this range. In contrast, because the (011) 
orientation shows decrease while (00l) orientation shows increase with increasing oxygen 
pressure from 200 to 600 mTorr, dielectric constant is hence decreased with pressure in 
the range. On the other hand, it has been known that the value of εr(0) is observed to 
decrease with the reduction in grain size [1]. Thus, the increase in εr(0) with oxygen 
pressure from 20 to 200 mTorr may have resulted from the increase in grain size with 
pressure, and the decrease in εr(0) at pressures > 200 mTorr may have resulted from the 
decrease in grain size as compared to at 200 mTorr, Fig. 5.7. 
It is noted that the increase in εr(0) with oxygen pressure in the low range from 20 to 
200 mTorr is very significant, while the decrease in εr(0) with oxygen pressure in the high 
range from 200 to 600 mTorr is less significant. It is because the fact that in the former 
case, lattice parameter d, orientation and grain size have the same effects in increasing 
εr(0), while in the latter case, lattice parameter d has an opposite effect with respect to 
orientation and grain size in decreasing εr(0). In general, the combined effect of lattice 
parameter d, orientation and grain size is the reason causing the variation of dielectric 
constant with oxygen pressure.  





5.4.2 Tunability and Figure of Merit 
Figure 5.10 reveals the dependence of tunability (nr) and tunable figure of merit (K) on 
oxygen pressure at the applied electric field of ±400 kV/cm and frequency of 1 MHz. At 
low oxygen pressures of < 200 mTorr, the tunability is very low and decreases 
considerably with decreasing oxygen pressure. Tunability is reduced approximately two 
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Fig. 5.10. Tunability (nr) and tunable figure of merit (K) at 400 kV/cm electric bias and 1 MHz 
frequency in BZT thin films deposited on LNO-coated SiO2/Si substrates at various oxygen 
pressures. 
 
In contrast, at high oxygen pressures of ≥ 200 mTorr, tunability is very high and it 
slightly decreases as the pressure increases. Tunability is 75.5 % at the pressure of 200 





mTorr, reduced to 75.2 % at 400 mTorr and to 74.3 % at 600 mTorr oxygen pressure, 
indicating that in the high oxygen pressure region of 200 to 600 mTorr, the change in 
oxygen pressure has less effect on the change in tunability. 
The figure of merit K observed in Fig. 5.10 shows continuous increase with oxygen 
pressure, from 1.7, 3.6, 4.0, 6.2, 6.4 to 7.2 as the pressure increases from 20, 50, 100, 200, 
400 to 600 mTorr, in which the significant increase is observed in the low pressure region 
from 20 to 200 mTorr. It is evident that the change in K with oxygen pressure is attributed 
to the changes in nr and tanδ(0) because K = nr/tanδ(0). Thus, based on the changing 
behaviors of tanδ(0) in Fig. 5.9 and nr in Fig. 5.10, it can be concluded that the rapid 
increase in K as the oxygen pressure increases from 20 to 200 mTorr is due to the rapid 
increase in nr and the rapid decrease in tanδ(0) in this pressure region. On the other hand, 
the slow increase in K as the oxygen pressure increases from 200 to 600 mTorr is 
attributed to the slow decrease in nr and tanδ(0) in this pressure region (Figs. 5.9 and 
5.10). 
As seen in Figs. 5.9 and 5.10, the change in nr in general has a similar trend to that of 
εr(0), in which nr increases as the oxygen pressure increases from 20 to 200 mTorr and 
decreases at further increasing pressure. Therefore, it can be concluded that the variation 
of tunability with the oxygen pressure is in general originated from the variation in the 
dielectric constant εr(0) which has been mathematically described in Eq. (4.2). However, 
this conclusion is well applicable in the low pressure region ≤ 200 mTorr, where both nr 
and εr(0) are rapidly increased with increasing oxygen pressure. In the high oxygen 
pressure region ≥ 200 mTorr, it seems to be less accurate because nr decreases very little 
with pressure even though εr(0) decreases much faster to values comparable to those at the 





low pressure regime ≤ 200 mTorr. This behavior can be attributed to the change in the out-
of-plane lattice parameter d.  
As has been shown in Chapter 4 that the domain switching from nonpolar to polar 
state under an applied electric field E significantly reduces the dielectric constant and thus 
increases the tunability, which is because the dielectric constant along the polar axis is 
much smaller than that along the nonpolar axis [23]. In the current case, because the films 
deposited at pressures ≥ 200 mTorr possess smaller out-of-plan lattice parameter d in 
comparison to the bulk BZT, they thus have nonpolar state along the surface normal. 
When an electric field E is applied, the films are polarized along the surface normal, 
leading to a significant reduction in dielectric constant εr(E), and thus an enhancement in 
tunability nr(E). In other words, it is because of the nonpolar state of the films deposited at 
high oxygen pressures > 200 mTorr so that these films still keep very high tunability even 
though the dielectric constant εr(0) is significantly reduced. For the films deposited at 
oxygen pressures < 200 mTorr, because they are already in the polar state, there is not 
much reduction in εr(E) under an applied electric field. These films therefore possess low 
tunability. 
In another way, the change in tunability can be said to originate from the lattice strain 
in the films with respect to the bulk. Figure 5.11 illustrates the dependence of the 
tunability on strain state of the BZT thin films at various oxygen pressures. It is clear that 
the tunability increases with the decrease in lattice strain. Noticeably, the film with a 
compressive strain (dfilm/dbulk < 1) has much higher tunability than that with a tensile strain 
(dfilm/dbulk >1). This may be because of the nonpolar state of the films deposited at high 
pressures as indicated above. A similar observation was also discovered experimentally in 
































Fig. 5.11.  Lattice strain dependence of tunability nr obtained at 400 kV/cm bias and 1 MHz 
frequency in BZT thin films deposited at various oxygen pressures. 
 
5.5 Effects of Oxygen Pressure on Pyroelectric 
Properties 
5.5.1 Phase Transition 
Figure 5.12 shows the temperature dependence of dielectric constant εr measured at 40 
kVcm–1 and 1 kHz frequency for various oxygen pressures. It is clear that at a specific 
temperature T, the dielectric constant εr is observed to increase with oxygen pressure from 





20 to 200 mTorr, and then decrease with further increase in pressure. For the film 
deposited at 20 mTorr, εr increases very slowly with temperature and seems to be 
saturated at the temperature range from 30 to 40 oC, it then starts to decrease at higher 
temperatures. In other words, the film has very diffused phase transition characteristic 
with the maximum of transition region at about 38 oC. At 50 mTorr, the phase transition is 
also much diffused but with a less degree as compared to the 20 mTorr case. However, the 
variation of εr at 50 mTorr is inversed, εr increases slowly with decreasing temperature 





















Fig. 5.12. Temperature dependence of dielectric constant εr measured at 40 kV/cm electric bias 
and 1 kHz frequency, for BZT thin films deposited at various oxygen pressures. 





For the film deposited at 100 mTorr, εr also increases with decreasing temperature, 
and the increase is more rapid at a lower temperature as compared to a higher temperature. 
In other word, the phase transition region of this film is narrower than that of other films, 
and its maximum may be at a temperature just below 0 oC since εr starts to be saturated at 
this temperature as seen in Fig. 5.12. 
For the film deposited at 200 mTorr, εr increases gradually with decreasing 
temperature in the whole range from 50 to 0 oC, and has the tendency to increase further. 
Its phase transition region may be in the temperature range far below 0 oC. The behavior is 
also observed for films deposited at 400 and 600 mTorr, in which the higher the oxygen 
pressure, the more slowly the increase in εr with decreasing temperature (Fig. 5.12). The 
maximum of phase transition region of these films may have also shifted to lower 
temperatures below the transition region of 200 mTorr film. 
In general, it can be seen that the increase in oxygen pressure has lead to the reduction 
in phase transition region from 38 oC for 20 mTorr, to 10 oC for 50 mTorr, and to just 
below 0 oC for 100 mTorr and far below 0 oC for lower pressures. In comparison between 
the shift of the phase transition region observed in Fig. 5.12 and the change in the out-of-
plane lattice parameter d observed in Fig. 5.1(b), it may be concluded that the gradual shift 
of the phase transition to a lower temperature as the oxygen pressure increases is 
originated from the decrease in parameter d.  
It should be noted that the maximum of phase transition region of bulk BZT is 
examined to be about –16 oC. The bulk BZT has cubic structure and thus to be in 
paraelectric phase at room temperature. Because BZT film deposited at 100 mTorr has the 
out-of-plane lattice parameter d (at room temperature) larger than the parameter of BZT 





bulk, the ferroelectric phase starts to appear at room temperature for this film. The lower 
the pressure, the larger the parameter d, and hence the higher the amount of ferroelectric 
phase appears at room temperature. In other words, the phase transition region has been 
gradually shifted to the temperatures higher than the bulk value as the oxygen pressure 
decreases. In contrary, because the thin film deposited at 200 mTorr has a smaller lattice 
parameter d as compared to that of the bulk BZT, the phase transition region would be at 
the temperature lower than the bulk value. The higher the oxygen pressure, the shorter the 
parameter d, and thus the lower the temperature of transition region is.  
In short, the shift of phase transition region to higher temperatures caused by 
increasing parameter d observed above is very similar to the phenomenon observed and 
theoretically described by thermodynamic theory in BaTiO3 ceramics, where the Curie 
temperature is increased with lattice parameter caused by the change in composition of 
BaTiO3 or in external mechanical pressure applied to it [27].  
5.5.2 Pyroelectric Coefficient and Figure of Merit 
Figure 5.13 represents the slope of dielectric constant vs. temperature dεr/dT and the 
resultant induced pyroelectric coefficient, p, at various oxygen pressures, measured at 40 
kVcm–1  electric bias, 1 kHz frequency and room temperature. As observed in the figure, 
there is a strong dependence of the slope dεr/dT on oxygen pressure. Its magnitude 
dTd rε  increases significantly, from 0.8, 2.1 to 7.2 K–1 when pressure increases from 
20, 50 to 100 mTorr respectively, and then decreases at a lower rate to 4.9 and 2.5 K–1 
when pressure increases to 200 and 400 mTorr, respectively. The slope dTd rε  seems to 
be unchanged or reduces slightly, from 2.5 to 2.3 K–1 when pressure increases from 400 to 





600 mTorr, as shown in Fig. 5.13. The variation of pyroelectric coefficient p is apparently 
proportional to the slope dεr/dT, and its absolute value p  increases from 28, 74, to 255 
µCm–2K–1 as pressure increases from 20, 50, to 100 mTorr, and then decreases to 174, 89, 
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Fig. 5.13. Dependence of the slope dεr/dT and pyroelectric coefficient p on oxygen pressure in 
BZT thin films measured at 40 kV/cm electric bias, 1 kHz frequency, and room temperature. 
 
The change of the coefficient p or slope dεr/dT with oxygen pressure is in one hand 
originated from the change in dielectric constant at the phase transition region. The 
increase in p as oxygen pressure increases from 20 to 100 mTorr or decreases from 600 to 
100 mTorr is evidently the result of the respective increase or decrease in dielectric 
constant (Figs. 5.9 and 5.13). On the other hand, it is originated from the change in lattice 





parameter d, thus lattice strain in thin films with respect to BZT bulk. This change has 
resulted in the shift of phase transition region to a higher or lower temperature with 
respect to the bulk. Figure 5.14 illustrates the dependence of coefficient p and slope dεr/dT 
on lattice strain with respect to bulk at various oxygen pressures, showing that the lower 
the strain the higher (in magnitude) the coefficient p or slope dεr/dT. Noticeably, the film 
at 200 mTorr has higher p although having lower dielectric constant than at 100 mTorr 
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Fig. 5.14. Dependence of slope dεr/dT and coefficient p on lattice strain at various oxygen 
pressures, measured at 40 kV/cm bias, 1 kHz frequency and room temperature. 
 
In the combination of the values of the induced pyroelectric coefficient ⎢p⎢, the 
dielectric constant εr(0) and dielectric loss tanδ(0) (at 1 kHz frequency), the induced 





pyroelectric figure of merit FD was calculated and plotted as in Fig. 5.15. FD shows a rapid 
increase from 0.17 to 1.37 × 10–5 Pa–1/2 when oxygen pressure increases from 20 to 100 
mTorr. After that, it decreases with a slower rate from 1.37, to 1.01 and 0.56 × 10–5 Pa–1/2 
with increasing pressure from 100, to 200 and 400 mTorr respectively, but it slowly 
increases again to 0.65 × 10–5 Pa–1/2 at 600 mTorr.  
In general, it can be seen that oxygen pressure has strong effects on pyroelectric 
coefficient p and figure of merit FD in BZT thin films. Moreover, the maximum p and 
maximum FD are achieved at 100 mTorr, while maximum tunability nr is achieved at 200 
mTorr and maximum tunable figure of merit K is achieved at 600 mTorr, showing that 

















Fig. 5.15. Dependence of pyroelectric figure of merit FD on oxygen pressure obtained at 40 kV/cm 
electric bias, 1 kHz frequency and room temperature. 






This chapter investigated in the effects of oxygen pressure PO2 on microstructures and 
properties of BZT thin films, which are summarized in Table 5.1. 
 
Table 5.1. Changes in microstructures and properties of BZT thin films observed from the 
increase in oxygen pressure PO2. 
 Increase in PO2 : 20 → 600 mTorr 
(Films deposited at 650 oC, 500 nm, no annealing) 
PO2 = 20 → 200 mTorr 
(Low PO2) 
PO2 = 200 mTorr 
(Intermediate PO2) 
PO2 = 200 → 600 mTorr 
(High PO2) 
Orientation (00l) decreased rapidly 
from 96 %  
(011) increased rapidly 
from 2 % 
 
(00l) ~ 53 % 
(011) ~ 45 % 
(00l) increased at a 
slower rate to 92 % 
(011) decreased at a 
slower rate to 6 % 
Surface 
Texture 
Very smooth → little 
rough 
Rough Quite smooth, fine grain 
structure with micro-
cracks increased in size 
Lattice 
Parameter d 
> dbulk and decreased 
towards dbulk  
 d ≈ dbulk < dbulk and decreased far 
from dbulk 
 
εr(0) Increased significantly ~ 650 for 1kHz 
~ 600 for 1 MHz 




Decreased significantly ~ 10 for 1 MHz 




Increased significantly ~ 76 % Decreased insignificantly 




maximum = 255 µC/m2K 
at 100 mTorr 
~ 175 µC/m2K Decreased slowly 
FD 
(×10– 5 Pa–1/2) 
Increased significantly, 
max = 1.4 ×10– 5 Pa–1/2 at 
100 mTorr 
~ 1.0 ×10– 5 Pa–1/2 Decreased slowly 
 





When PO2 increased from 20 to 200 mTorr, (00l) decreased with the enhancement of 
(011) plane. Further increase in PO2, (00l) increased back with declination of (011) plane. 
This has been explained based on bombardment mechanism, thermal vibration, and 
surface energy models, and the effect of LNO template layer. 
For PO2 ≤ 200 mTorr, a smooth surface texture was observed at a low pressure due to 
the high amount of stacking in (00l) plane, while the roughness  appeared at a higher 
pressure and attributed to the high amount of stacking in (011) plane. For PO2 ≥ 200 
mTorr, the films had less roughness with fine grain structure because of the little 
competitive growth between grains. Lattice parameter d decreased with increasing PO2 
from 20 to 600 mTorr, where d > dbulk at PO2 < 200 mTorr and d > dbulk at PO2 ≥ 200 
mTorr. The decrease in d is well explained to originate from the reduction in oxygen 
vacancies concentration.  
Dielectric constant εr(0) increased significantly with PO2 from 20 to 200 mTorr, 
resulting from the increase in (011) orientation and decrease in d. However, further 
increase in PO2 from 200 to 600 mTorr, εr(0) is reduced which mainly results from the 
decrease in (011) orientation and grain size. Dielectric loss tanδ(0) continuously decreased 
with PO2 from 20 to 600 mTorr which originates from the reduction in oxygen vacancies 
concentration. Tunability nr increased with PO2 from 20 to 200 mTorr but decreased from 
200 to 600 mTorr and this is explained to be due to the increase in εr(0) and reduction of 
lattice strain towards bulk. The highest nr is observed for nonpolar state of the films. 
Pyroelectric coefficient p increased PO2 from 20 to 100 mTorr and decreased from 100 to 
600 mTorr. This is mainly due to the reduction in lattice strain in conjunction with the 
polar state of the films.  
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CHAPTER 6:  THICKNESS DEPENDENCE 
 
 
6.1 Thickness Effect in Ferroelectric Thin Films 
The reduction in dielectric constant, the shift and the broadening of phase transition 
region with decreasing thickness are well-documented but still in debates in understanding 
the fundamentals. Such behaviors have influence on the tunable and induced pyroelectric 
properties of ferroelectric thin films. Many factors have been shown to control the 
behaviors such as grain size [1–4], interfacial or dead layer [5–10], stoichiometric 
variation [11] and stress/strain [12–16]. Others such as the mean free path length of 
phonons, porosity/second phase, high-field space charge depletion layers and measuring 
artifact also have contributions to the behaviors [17]. 
It has been shown that grain size in ferroelectric thin films is dependent on the 
thickness of the films, which increases with thickness [1–3]. Like the bulk form, there is a 
close correlation between grain size and dielectric constant in thin films. It has been 
observed in BST thin films that an increase in grain size results in an increase in dielectric 
constant [2, 3]. However, the increase in dielectric constant with film thickness is not a 
linear function, which is much slower at a thicker film. When the thickness reaches a 
particular value, such as 2 µm for BST thin film [1], the dielectric constant seems to reach 
a saturation value [1]. 
Due to the termination of chemical bonds and/or the interaction of two types of 
materials at the interface between ferroelectric film and electrode/substrate, it is believed 





that there exists a thin interfacial layer or “dead layer” of low dielectric constant located at 
the interface between the ferroelectric film and the electrode/substrate [18, 19], suggesting 
the presence of “capacitors in series” where the total capacitance obtained is reduced as 
compared to that of ferroelectric film. The effect of dead layer is stronger with thinner 
ferroelectric film and thus causes a significant drop in dielectric constant with decreasing 
thickness [18, 19]. 
The stress/strain in thin films caused by the change in thickness usually results in a 
shift of Curie point and thus variation in dielectric constant. It has been reported in 
BaTiO3 thin films that the stress increases with decreasing film thickness, leading to a 
shift in Curie point to a lower temperature [14]. It has also been suggested that threading 
dislocations are responsible for the local strain in thin films, causing the thickness 
dependence of dielectric constant [12]. 
The variation of thin film stoichiometry is also another reason for the thickness 
dependence, especially for PVD and CVD processes where stoichiometry may vary during 
deposition. A significant reduction in dielectric constant for off-stoichiometry 
compositions is described by Waser [17].  
The effect of porosity or second phases is often due to processing method. The density 
of the target phase is reduced for films of very low thickness. Electrically, this has a 
similar effect as a thin interfacial layer [17]. 
 Every phonon traveling in a solid has an average lifetime and, hence, mean free path 
length. If the mean free path length of the soft phonons, which is responsible for high 
permittivity, gets limited by the film thickness, the permittivity will be affected [17].  
High build-in fields may present in the space charge depletion layers near the bottom 
and top electrodes of the thin film, leading to a field-induced reduction in permittivity. If 





the film thickness decreases, the relative impact of these depletion layers increases and, 
hence, the effective permittivity of the film drops [17, 20].  
In measuring the permittivity with thickness, if the ac voltage is kept constant, it may 
produce a very high electric field in the films of very small thickness. This is the artifact 
that will affect the value of the measured permittivity [17]. 
In general, although the effects of thickness on dielectric properties have been widely 
studied for BST thin films, particularly on tunable properties, investigation on the induced 
pyroelectricity is still limited. Until now, there is lack of information on the effects of 
thickness on tunable and induced pyroelectric properties of BZT thin films, particularly 
for the films deposited on Si-based substrates. This section therefore investigates the 
dependence of microstructure, tunable and induced pyroelectric properties on the 
thickness of BZT 25/75 thin films deposited on LNO-coated SiO2/Si substrates.  
6.2 Experimental 
LNO film of 200 nm was deposited at a temperature of 600 oC and an oxygen pressure 
of 50 mTorr for 10 min, followed by annealing for 10 min at 50 mTorr oxygen pressure 
prior to BZT deposition. BZT thin films were deposited at different durations from 3 to 26 
min at the oxygen pressure of 300 mTorr and substrate temperature of 650 oC. After 
deposition, the vacuum chamber was immediately filled with air to ambient pressure and 
the substrate was cooled down to room temperature at a cooling rate of 10 oC/min. The 









6.3 Growth Structure 
6.3.1 Lattice Structure and Parameter 
BZT thin films deposited on LNO-coated SiO2/Si substrates of different thicknesses 
ranging from 100 to 700 nm are observed to have (00l) and (011) preferred orientations 
with different degrees between (00l) and (011) planes. Figure 6.1 represents the thickness 
dependence of the degree of orientation in these films. The figure shows that film with 
100 nm thickness only has (00l) preferred orientation with very high degree of P(00l) = 
98.8 %, and there is no appearance of (011) orientation at this thickness. It can be seen 
that (011) orientation seems to increase linearly with thickness. The degree of orientation 
of (011) plane increases from 0, 18.9, 23.3 to 47.4 %, while that of the (00l) plane 
decreases from 98.8, 80.5, 76.1, to 51.7 %, when thickness is increased from 100, 300, 
500 to 700 nm. This behavior indicates that thickness has a significant influence on the 
orientations of the deposited BZT thin films. 
The change in orientations with thickness is still not well understood. However, in the 
current case, it may be due to the limited number of BZT unit cell layers in a film of thin 
thickness so that this film is facilitated by the LNO template to favorably grow in (00l) 
plane as compared to a thicker film. Furthermore, as discussed in Chapter 5, intermediate 
oxygen pressure (from 100 to 400 mTorr) can promote the growth of (011) orientation. 
Thus, in a thicker film, where the LNO template may have less effect for the growth of 
(00l) orientation, the film would be facilitated to grow in (011) orientation.  





























Fig. 6.1. Thickness dependence of degree of orientation in BZT thin films deposited on LNO-
coated SiO2/Si substrates. 
 
 
It is important to note that the change in thickness has resulted in the change in out-of-
plane lattice parameter d, obtained from (002) peak, as observed in Fig. 6.2(a). The (002) 
peak is gradually shifted to a lower 2θ angle as the thickness is increased, indicating an 
increase in the out-of-plane lattice parameter d. Figure 6.2(b) plots the dependence of 
parameter d on thickness. As observed in the figure, the increase in d seems to be in a 
linear fashion with thickness, approaching the bulk value. Although the reason for the 
increase in d as the thickness increases is not fully clear, it may be originated from the 
bulk-like tendency and/or the relaxation of the films with thickness. 
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Fig. 6.2. a) (002) peak and b) out-of-plane lattice parameter d calculated from (002) peak of BZT 
thin films at various thicknesses. 
 





6.3.2 Surface Morphology 
Figure 6.3 shows the FE-SEM images of the BZT films with various thicknesses. It 
may be because of the fact that the films were fabricated in a high oxygen pressure 
environment of 300 mTorr deposition pressure and 1 atm cooling pressure, all of them 




Fig. 6.3. FE-SEM images of BZT thin films deposited on LNO-coated SiO2/Si substrates at 
various thicknesses: a) 100 nm, b) 300 nm, c) 500 nm and d) 700 nm.  
 
It can be seen from Figs. 6.3(a) to 6.3(d) that the grain sizes of the BZT thin films 
were not affected by the change in the thickness from 100 to 700 nm, which is similar to 





the case observed by Werner et al. for BST thin films [3]. It was suggested that the reason 
for the unchanged grain size with thickness may be because the sticking coefficient 
(defined as the ratio of the number of adsorbate atoms or molecules that "stick" to a 
surface to the total number of atoms that impinge upon that surface during the same period 
of time) is nearly unity and consequently there is little competitive growth between grains 
[3].  
In Fig. 5.3, some noticeable changes can be observed on the surface texture between 
BZT films where the thicker film seems to have more condensed structure and clearer 
texture than those of the thinner film. Particularly, the BZT films of thickness ≤ 300 nm 
have no cracks on the surface while cracks start to develop at 500 nm and become more 
prominent at 700 nm thickness. The formation of cracks in the thick films may be 
attributed to the formation of misfit dislocations for the relaxation with thickness. It has 
been shown experimentally and theoretically that the degree of relief provided by misfit 
dislocations increases with thickness, which makes the out-of-plane lattice parameter 
approaching its bulk value [12]. In the current case, it is evident that when thickness 
increases, cracks on the surfaces gradually appear and develop while the out-of-plane 
lattice parameter d increases towards the BZT bulk value as observed in Fig. 6.3 and 6.2, 
respectively. 
 
6.4 Effects of Thickness on Dielectric and Tunable 
Properties 
6.4.1 Dielectric Constant and Loss 





Figure 6.4 presents the dependence of the dielectric constant and dielectric loss 
measured at 1 MHz frequency on applied electric field for the BZT thin films with various 
thicknesses. It is noted that the dielectric hysteresis loop cannot be observed at the film of 
100 nm. The loop seems to appear clearer with increasing thickness, and noticeably at the 
thickest film of 700 nm, it possesses two maxima peaks symmetric around the zero field 
εr-axis, which is typical for ferroelectric materials. The behavior may reveal that the film 
possesses more ferroelectric characteristic or the ferroelectric-paraelectric phase transition 
























Fig. 6.4. The dependence of dielectric constant, εr, and dielectric loss, tanδ, on applied electric 
field, measured at 1 MHz frequency, in BZT thin films deposited on LNO/SiO2/Si substrates of 
various thicknesses. 
It is important to note from Fig. 6.4 that the dielectric constant εr(0) and dielectric loss 
tanδ(0) at zero electric bias are considerably changed as the thickness changes. Figure 6.5 





illustrates the variation of εr(0) and tanδ(0) as functions of film thickness for both 1 MHz 
and 1 kHz frequencies. The dielectric loss tanδ(0), for both frequencies, suddenly reduces 
as the thickness increases from 100 to 300 nm, and then slowly increases with further 
increase in thickness. The reason for the increase in tanδ(0) with thickness is still unclear, 
while the high tanδ(0) at 100 nm thickness may be because of the dominant effect of 
defects at very thin thickness. The variation of the dielectric constant εr(0) is different. As 
the thickness increases from 100, 300, 500 to 700 nm, εr(0) is continuously increased, 
from 421, 562, 631, to 680 for 1 MHz frequency, and from 478, 635, 687, to 764 for 1 
kHz frequency. It is noted that for both frequencies, εr(0) is increased suddenly as 
thickness increases from 100 to 300 nm, whereas at higher thicknesses the increase in 
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Fig. 6.5. Thickness dependence of dielectric constant εr(0) and dielectric loss tanδ(0) at zero 
electric bias, measured at 1 kHz and 1 MHz frequencies, for BZT thin films. 





It is noted from Fig. 6.5 that at every thickness the dielectric constant at 1 kHz is 
always higher than at 1 MHz frequency and dielectric loss at 1 kHz is always much 
smaller than at 1 MHz frequency. This behavior is apparently originated from the effect of 
polarization mechanisms as discussed in Chapter 4. 
In general, it can be seen that there are two important factors responsible for the 
change in dielectric constant with thickness, including the film’s orientations and the 
interfacial or dead layer between the BZT film and LNO electrode. On one hand, because 
the dielectric constant along (011) and (111) orientations are usually much higher than that 
along (00l) orientation [21–23], the gradual increase in (011) orientation and gradual 
decrease in (00l) orientation as the thickness increases (Fig. 6.1) have thus resulted in the 
increase in εr(0). On the other hand, it has been widely shown that there is a so-called 
interfacial or dead layer existing at the interface between the ferroelectric film and 
electrode/substrate, which is because of the chemical interaction and the changes in 
stoichiometry at the contacting region of the two “terminates” of two types of materials [5, 
6, 10, 24]. This layer has usually known to possess very low dielectric constant as 
compared to the bulk material of ferroelectric film and thus has a significant effect on the 
measured dielectric constant of the ferroelectric film [5, 25]. 
The dead layer together with the ferroelectric film has been believed to create the so-
called “capacitors in series” so that the measured or effective dielectric constant εm (of 









−=   (6.1) 
where db and εb are the “bulk-like” film thickness and dielectric constant, respectively; di 
and εi the thickness and dielectric constant of the interfacial or dead layer, respectively. It 





can be seen from Eq. (6.1) that for a very thin ferroelectric film (probably ≤ 100 nm), the 
thickness of interfacial layer becomes comparable to that of the ferroelectric film and 
hence it has a very significant effect on reducing the measured dielectric constant. The 
thicker the ferroelectric film, the less affect of interfacial layer and thus the higher the 
dielectric constant. This may be the reason to explain the behavior observed in Fig. 6.5 
where εr(0) has a rapid increase when thickness increases from 100 to 300 nm, while it has 
a slower increase when thickness increases from 300 to 500 and 700 nm. 
However, practically it is impossible to obtain information on di and εi in Eq. (6.1) 
separately, but only their combined contribution to the measured dielectric constant. Thus, 
the term di/εi is usually assigned as a constant 1/K which represents the “parasitic 
interfacial capacitance” component responsible for the dielectric collapse. Approximately, 





1+= εε . (6.2) 
It should be noted that the “capacitors in series” model seems to deal with the problem 
of the change in dielectric constant with thickness. However, it is still under considerable 
debate, typically in the origin of constant 1/K [5, 8, 25, 26].  
6.4.2 Tunability and Figure of Merit 
Figure 6.6 shows the thickness dependence of tunability nr and figure of merit K at 
400 kV/cm bias and 1 MHz frequency in BZT thin films. Overall, the tunability is seen to 
increase with thickness, in which a significant increase from 54.7 to 70.9 % is observed as 
the thickness increases from 100 to 300 nm. Further increase in thickness, the tunability is 
also increased but at a slower rate from 70.9 to 75.1 and 75.7 % as the thickness increases 





from 300, to 500 and 700 nm, respectively. Generally, BZT thin films at a thickness ≥ 500 



















Fig. 6.6. Thickness dependence of tunability (nr) and tunable figure of merit (K) measured at 400 
kV/cm bias and 1 MHz frequency in BZT thin films. 
 
In combination between the dielectric loss tanδ(0) and tunability nr at 1 MHz 
frequency obtained from Figs. 6.5 and 6.6 respectively, the tunable figure of merit K can 
be calculated and plotted as a function of thickness as shown in Fig. 6.6. The K at 100 nm 
is only 3.9, but it suddenly increases to 8.9 of 128 % at 300 nm. However, with further 
increase in thickness K is reduced, to 6.8 of about 6 % at 500 nm, and to 5.8 of about 18 % 
at 700 nm. It is clear that the change in K comes from the change in tanδ(0) and nr since K 
= nr/tanδ(0). The sudden increase in K between 100 and 300 nm is evidently because of 





the rapid decrease in tanδ(0) and rapid increase in nr. The reduction in K in films of 
thickness from 300 to 700 nm is due to the quick increase in tanδ(0) while nr is almost 
unchanged as observed in Figs. 6.5 and 6.6, respectively. 
As mentioned in Chapters 4 and 5, there are two main reasons responsible for the 
change in tunability, including the dielectric constant εr(0) and out-of-plane lattice 
parameter d of the films. In the current case, firstly, it is clear that nr is significantly 
influenced by εr(0) because the changing behavior of nr is very similar to that of εr(0). 
Secondly, because the out-of-plane lattice parameter d of the BZT films is always 
smaller than that of its bulk material of cubic perovskite structure (Fig. 6.2(b)), all the 
films should be in nonpolar status along the surface normal. In addition, the parameter d is 
observed to increase with thickness. Thus, similar to the case observed in Chapter 4, under 
an applied electric field E, the longer the parameter d, the higher the polarization P(E) can 
be achieved and hence the lower the dielectric constant εr(E). The strong reduction in the 
dielectric constant at the applied electric field εr(E) results in the enhancement of 
tunability at this electric field. The increase in nr for a thicker film is less predominant or 
slower than that for a thinner film, may be attributed to the fact that the amount of (00l) 
orientation which possesses the nonpolar axis out of plane is considerably reduced, instead 
the increased appearance of (011) orientation (Fig. 6.1). 
In other words, the increase in tunability with thickness is concluded to the decrease in 
the lattice strain. Figure 6.7 shows the dependence of tunability on the lattice strain in the 
BZT thin films at various thicknesses. It is clear that the lower the strain, the higher the 
tunability. This is in consistence with the results obtained in previous Chapters, and also in 
good agreement with the results reported for BST thin films [27]. 
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Fig. 6.7. Tunability as a function of lattice strain with respect to bulk material, in BZT thin films 
of various thicknesses. 
 
6.5 Effects of Thickness on Pyroelectric Properties  
6.5.1 Phase Transition 
Figure 6.8 shows the temperature dependence of the dielectric constant εr of BZT thin 
films of various thicknesses measured at 40 kVcm–1 and 1 kHz frequency. It is clear that 
the dielectric constant increases with thickness in which a rapid increase in εr is observed 
between 100 and 300 nm films. Moreover, in all the films, the dielectric constant is 
observed to increase with decreasing temperature, and at the temperature less than 20 oC it 
starts to increase rapidly, showing that the phase transition region is below the room 
temperature.  





The increase in dielectric constant with decreasing temperature is observed to be very 
slowly in thin film of 100 nm, and it becomes faster with thickness. This phenomenon is 
attributed to the enhanced dielectric constant in the phase transition region caused by the 
effects of orientation and interfacial layer as discussed above. It is noted from Fig. 6.2(b) 
that the lattice parameter d is increased with thickness, and this results in the shift of phase 
transition region to a higher temperature [28]. This shift combined with the enhanced 
dielectric constant at the transition region is the reason causing the significant change of 
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Fig. 6.8. Temperature dependence of dielectric constant εr measured at 40 kV/cm and 1 kHz 
frequency, for BZT thin films of various thicknesses. 
 
 





6.5.2 Pyroelectric Coefficient and Figure of Merit 
Figure 6.9 shows the thickness dependence of the slope dεr/dT and the resultant 
induced pyroelectric coefficient p, obtained at 40 kV/cm electric bias, 1 kHz frequency 
and room temperature in BZT thin films. The slope dεr/dT (and coefficient p) is observed 
to be negative for all BZT films of thickness ranging from 100 to 700 nm because their 


































Fig. 6.9. Thickness dependence of slope dεr/dT, and induced pyroelectric coefficient p, measured 
at 40 kV/cm electric bias, 1 kHz frequency and room temperature. 
 
In Fig. 6.9, the magnitude or absolute value of the slope dTd rε  is observed to 
increase with thickness, and the increase is more rapid in a thicker film as compared to a 
thinner film. dTd rε  increases from 0.9, 2.1, 4.3, to 8.8 K–1 as the thickness increases 
from 100, 300, 500 to 700 nm. Because the induced pyroelectric coefficient p is linearly 





proportional to slope dεr/dT, its magnitude also increases rapidly with thickness similar to 
the slope dεr/dT. The magnitude of p increases from 32, 74, 152, to 312 µCm–2K–1 as the 
thickness is increased from 100, 300, 500, to 700 nm. The thicker the film, the faster the 
increase in p . It is in contrary to the case of tunability nr where a thicker film has a 
slower increase in nr (Fig. 6.6), indicating that thickness has different effects on 
pyroelectric coefficient and tunability. 
The increase in the coefficient p  (or slope dTd rε ) with thickness, in one hand, is 
attributed to the increase in the dielectric constant at the phase transition region.  On the 
other hand, it originates from the reduction in lattice strain in thin film with respect to its 
bulk as the thickness increases as shown in Fig. 6.10, and this reduction has resulted in the 










































Fig. 6.10. The slope dTd rε  and pyroelectric coefficient p  as functions of strain state with 
respect to bulk BZT, measured at 40 kV/cm bias, 1 kHz frequency and room temperature. 





 Figure 6.11 shows the thickness dependence of the pyroelectric figure of merit FD of 
the BZT thin films, calculated from the values of εr(0), tanδ(0) and p  at 1 kHz 
frequency. The FD is observed to increase significantly with thickness, from 0.18, 0.46, 
0.85, to 1.52 × 10–5 Pa–1/2 as the thickness increases from 100, 300, 500 to 700 nm. It is 
noted that the thicker the film, the faster the increase in FD is. This is in contrary to the 
case observed in Fig. 6.6, where the film of 300 nm has the highest tunable figure of merit 
K. This indicates that thickness has different effects on tunable and pyroelectric figure of 


















Fig. 6.11. Thickness dependence of pyroelectric figure of merit FD obtained at 1 kHz frequency, in 
BZT thin films deposited on LNO-coated SiO2/Si substrates. 
 





6.6 Summary  
This chapter investigated the effects of film thickness on the microstructures and 
properties of BZT films, the results are summarized in Table 6.1. 
 
Table 6.1. Changes in microstructures and properties of BZT thin films observed from the 
increase in film thickness. 
 Increase in Film Thickness : 100 → 700 nm 
(Films deposited at 650 oC, 300 mTorr, no annealing) 
Orientation (00l) decreased linearly from 99 % to 52 % 
(011) increased linearly from 0 % to 47 % 
Surface Texture Quite smooth, fine grain structure, micro-cracks 
appeared and developed for thickness ≥ 500 nm 
Lattice Parameter d Increased linearly towards dbulk 
εr(0) Increased but with a slower rate for a thicker film 
tanδ(0) Decreased rapidly and increased back at 300 nm 
nr 
(%) 
Increased but with a much slower rate for a thicker film. 
Maximum = 76 % 
K Increased rapidly and decreased back for thickness ≥ 
500 nm. Maximum = 8.9 at 300 nm 
p 
(µC/m2K) 
Increased but with a higher rate for a thicker film. 
Maximum = 312 µC/m2K 
FD 
(× 10–5 Pa–1/2) 
Increased but with a higher rate for a thicker film. 
Maximum = 1.52 × 10–5 Pa–1/2 
 
Orientation in (00l) plane decreased with the enhancement of (011) as the thickness 
increased, which is probably due to the reduced effect of the LaNiO3 template. The out-of-
plane lattice parameter d was smaller than its bulk and increased with thickness which is 
attributed to the relaxation of the films. The grain size seems not to be affected by 





thickness, but micro-cracks appeared at 500 nm and further developed at a thicker film, 
this is believed to be due to the formation of misfit dislocations for the film relaxation.  
Dielectric constant εr(0) increased with thickness and the increase is more slowly at a 
thicker film as compared to a thinner film. This behavior is attributed to the change in 
orientations, and particularly the effect of interfacial layer between the film and electrode.  
Tunability nr at 400 kV/cm and 1 MHz and pyroelectric coefficient p at 40 kV/cm and 
1 kHz were increased (in magnitude) with thickness, which are attributed to the increase in 
the dielectric constant and the reduction in lattice strain as the thickness increases. 
Noticeably, the increase in nr is more slowly while the increase in p is more rapidly at a 
thicker film as compared to a thinner film, indicating that high thickness is more favored 
for pyroelectricity than tunability.  
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In this research, the ferroelectric thin films of BZT 25/75 were deposited on the 
LaNiO3-coated SiO2/Si substrates by a pulsed laser deposition method. The aim of the 
research is to study the variations of microstructures and their correlations to the tunable 
and induced pyroelectric properties, under the effects of deposition temperature, annealing 
duration, oxygen pressure and thickness. 
Increase in deposition temperature from 520 to 640 oC has been found to improve 
the crystallinity and surface texture, which is attributed to the more energy supplied for the 
film nucleation and growth. Out-of-plane lattice parameter d was also increased towards 
bulk value due to the relaxation of the film. The improvement in crystallinity and surface 
texture is the main reason behind the increase in dielectric constant εr(0) and the reduction 
of dielectric loss tanδ(0), while lattice parameter is well explained to be the main reason 
for the increase in polarization, tunability and pyroelectric coefficient. The above 
phenomena were also observed for the increase in annealing duration from 0 to 80 min 
when film deposited at the high temperature of 640 oC; however the changes are not much 
significant as compared to the case of deposition temperature. The highest tunability 
measured at 1 MHz frequency and 400 kV/cm bias was about 76 %, achieved at 640 oC 
deposition temperature and 80 min annealing time, showing an improvement as compared 




Increase in oxygen pressure from 20 to 200 mTorr has been found to reduce the 
degree of (00l) orientation while enhance the degree of (011) orientation, and this has been 
explained based on the combination of bombardment mechanism, thermal vibration and 
surface energy models. Surface texture was very smooth at the low oxygen pressure and 
attributed to the high amount of stacking in (00l) plane. The roughness was increased with 
pressure which is due to the increased amount of stacking in (011) plane. When oxygen 
pressure was increased higher, from 200 to 600 mTorr, (00l) orientation increased back 
with declination of (011) orientation and this is probably due to the dominate effect of 
LNO template layer for the growth of low-energy ablated particles. In this case, the 
surface was less rough with fine grain structure because of the little competitive growth 
between grains. Micro-cracks were observed due to the relaxation caused by misfit 
dislocation formation. 
Lattice parameter d was decreased with pressure where d > dbulk at pressures < 200 
mTorr and d < dbulk at pressures ≥ 20 mTorr. This decrease in d is well explained to be due 
to the reduction in oxygen vacancies concentration in the lattice. The combination of the 
changes in orientation, grain size and lattice parameter has well explained for the change 
in dielectric constant εr(0) while the change in oxygen vacancies concentration is believed 
to be the reason causing the change in dielectric loss tanδ(0). Tunability nr was increased 
with pressure to the maximum at 200 mTorr and then decreased very little with further 
increase in pressure; while pyroelectric coefficient p was increased to the maximum at 100 
mTorr and then decreased quickly with pressure. The high nr and p are proven to relate to 
the low lattice strain of thin films with respect to bulk and interestingly a higher nr is 




Increase in film thickness from 100 to 700 nm has been found to decrease the (00l) 
while reduce the (011) orientation, and this behavior is probably due to the reduced effect 
of the LaNiO3 template with thickness. Lattice parameter d < dbulk and increased with 
thickness and the surface had fine grain structure with micro-cracks appeared and became 
bigger at thickness ≥ 500 nm. These phenomena have been believed to be due to the 
formation of misfit dislocations for the film relaxation. Dielectric constant εr(0) was 
increased with thickness and with a slower rate at a thicker film, which is attributed to the 
increase in (011) orientation, and particularly the reduced effect of interfacial layer of low 
dielectric constant between the film and electrode. The increases in εr(0) and d are the 
reasons behind the increases in nr and  p with thickness. Noticeably, the increase in nr is 
much more slowly than the increase in p, indicating that high thickness is more favored 
for pyroelectricity than tunability.  
In general, this research at the first time has shown the inter-relationship among 
microstructure, tunable and pyroelectric properties of BZT thin films, under the effects of 
deposition temperature, annealing duration, oxygen pressure and thickness. The 
mechanisms behind the variations of microstructures have been well explained. More 
importantly, the correlations between microstructures and properties have been well 
established in qualitative and semi-quantitative ways. Specifically, a high tunability is 
related to a low lattice strain with respect to bulk in conjunction with non-polar state of the 
film which can be obtained at a high deposition temperature, long annealing duration, 
intermediate oxygen pressure (~ 200 mTorr) and high thickness; a high pyroelectric 
coefficient is related to a low lattice strain with respect to bulk in conjunction with polar 




duration, little low oxygen pressure (~ 100 mTorr) and high thickness. These explorations 
have added to literature the novelty of BZT material for IR and tunable applications. 
The results obtained in this research are summarized in Table 7.1 which can be used as 
a very useful guide for engineers and materials scientists working in the area of infra-red 
and tunable devices. 
 
Table 7.1. The optimized conditions for obtaining maximum tunable and pyroelectric properties 
and performance in BZT thin films deposited on LNO-coated SiO2/Si substrates. 
 Deposition 
Temperature 
(520 – 640 oC) 
Annealing 
Duration 
(0 – 80 min) 
Oxygen Pressure 
(20 – 600 mTorr) 
Film Thickness 
(100 – 700 nm) 
nr 640 oC 80 min 200 mTorr 700 nm 
K 640 oC 80 min 600 mTorr 300 nm 
P 640 oC 80 min 100 mTorr 700 nm 
FD 640 oC 80 min 100 mTorr 700 nm 
 
7.2 Recommendation 
Although this research has succeeded in giving a clear picture on the effects of 
deposition parameters on the microstructures and properties of BZT thin films, further 
studies are necessary to better understand the evolution of (011) orientation with 
thickness, the increase in lattice parameter with deposition temperature, annealing 
duration and thickness, and the mechanisms behind the increase in tunability and 
pyroelectricity with decreasing lattice strain. Finally, for better device’s performance, 
further studies are necessary to improve the dielectric loss at 1 MHz frequency and the 














• Formula for calculation of induced pyroelectric coefficient: 
- Theoretical formula: 
T
Ep r∂
∂= εε 0  (A1) 
- Practical formula: 
dT
dEp rε××= 854.8  (A2) 




  E: electric field bias, in unit of kVcm–1 
  dεr/dT: slope of dielectric constant vs. temperature, in unit of K–1 
• Formula for calculation of induced pyroelectric figure of merit: 
- Theoretical formula: 
δεε tan0 rD c
pF ′=  (A3) 




pF  (A4) 
 where  FD: figure of merit, in unit of Pa–1/2 
   p: pyroelectric coefficient, in unit of µC/m2 K 
c’: volumetric heat capacity 
c’ = 2.6 MJ/m3K1 measured for bulk BZT 25/75 
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